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ABSTRACT 

A series of controlled ground-based passive microwave 
radiometric measurements on soil moisture were conducted 
to determine the effects of terrain surface roughness and 
vegetation on microwave emission. A review was given to 
some apparent temperature models for bare and vegetated 
rough surfaces and theoretical predictions were made using 
Sibley's apparent temperature models for bare and vegetated 
smooth surfaces. The theoretical predictions were compared 
with the experimental results and with some recent airborne 
radiometric measurements on soil moisture. The relation- 
ship of soil moisture to the permittivity for the soil of 
this experiment was obtained in the laboratory. 

The passive microwave radiometer used for this experi- 
ment was a dual frequency radiometer, 1.41356 GHz and 10.69 
GHz, mounted on a flat bed truck with a 75-foot articulated 
arm serving as the sensor platform. Measurements were 
taken for angles between 0° and 50°, generally in 10° in- 
crements, from an altitude of about fifty feet. 

Three distinct surface roughnesses were created to 
study the effects of surface roughness on apparent tempera- 
ture measurements. With the roughness of the surfaces un- 
disturbed, oats were later densely and uniformly planted. 
Vegetation effects were examined from comparisons between 
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vegetated and bare field measurements. Observations sup- 
porting the effects of surface roughness and vegetation 
were obtained through extensive ground truth. 

The effects of surface roughness and vegetation were 
found to be highly significant and played decisive roles 
in regard to the capability of the passive microwave radio- 
meter to detect soil moisture. The 1.4 GHz radiometer was 
less affected by the surface roughness and vegetation than 
the 10.6 GHz radiometer, which under vegetated conditions 
was incapable of detecting soil moisture. It was concluded 
that lower frequency band passive microwave radiometers are 
capable of detecting the soil moisture of bare and vege- 
tated rough surfaces remotely. 

Comparisons between the theoretical predictions and 
the experimental results indicated discrepancies in magni- 
tude. Inadequacy in the bare surface theoretical model 
and the uncertainty concerning the absolute correctness of 
the permittivity of the soil measured were apparently the 
causes of these discrepancies. The vegetation model ap- 
peared to be a valid model, for its predictions were exper- 
imentally verified. 

The concept of skin depth and the corresponding equiv- 
alent soil moisture were studied. The equivalent soil 
moisture was believed to be the appropriate soil moisture 
parameter to correlate apparent temperature with soil 
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moisture. Data analysis did indicate that it was a more 
appropriate soil moisture parameter than two other custom- 
arily used soil moisture parameters (0-2 cm average and 
0-18 cm average). 
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CHAPTER I 
INTRODUCTION 

Remote Sensing of Soil Moisture 

Soil moisture data are significant and important 
for agriculture, hydrology, runoff and flood forecasting, 
rangeland management and farming. Instruments and tech- 
niques are available for measuring soil moisture content 
by contact means, however, when investigating on a large 
land area or some remote inaccessible areas, contact 
methods become impractical. The techniques of remote 
sensing are needed to gather such information with speed 
and an acceptable degree of accuracy. Remote sensors that 
have been employed in the study of possible detection 
of soil moisture content include cameras, thermal infrared 
sensors, and microwave sensors. 

Aerial photography has been a useful reconnaissance 
tool for hydrologic studies. Reflection at photographic 
wavelengths (0.4 - 0.9 nm) is sensitive to differences 
in the surface characteristics at the air-soil interface, 
and tonal contrasts can be used to infer soil moisture 
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conditions [1]. 

Thermal infrared sensors measure emittance, i.e. ..he 
self emission, of the objects. The thermal infrared 
region extends from approximately 4nm to 24nm, Measure- 
ments made at the regions 3 to S nm and 8 to 14 nm 
indicated the detection of variation in soil moisture is 
possible [2], [3]. 

Despite their potential as soil moisture detection 
remote sensors, the photographic and thermal infrared 
sensors have the main drawbacks that they can reveal only 
the very surface soil moisture information and they are 
inoperable in bad weather. Microwave sensors have the 
potential of yielding information regarding the interior 
characteristics of bodies. Furthermore, their performance 
is almost independent of weather conditions and time of 
day. 

Microwave sensors are of two basic types: passive 

and active. The frequency range over which these two 
types of sensors operate extends from 0.1 GHz to beyond 
100 GHz. Experimental and theoretical studies have con- 
firmed that there is a high degree of correlation between 
the electrical properties of soil and soil moisture. This 
suggests that the microwave remote sensors could be 
applicable in the determination of soil moisture content. 
In 1968, Kennedy [4] and Edgerton [5] began the invest!- 
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i gation of passive microwave sensors for determination ^ 
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of soil moisture content. Numerous theoretical studies ; 

5 

i (Peake (6], [7], Stogryn [8], Fung et al. [5] and Johnson 

[10]) and experimental studies (Schmugge et al. [11], . 

Richerson [12], Jean [13] and Kroll [14])have been conduct- 

t 

ed to measure soil moisture with microwave radiometers. 

The radiometric results indicated that under some 
conditions the soil moisture content can be determined 
quite accurately, and tic passive microwave radiometer 
has high potnetial in this application. Unlike the 
infrared and photographic techniques which provide only 
surface information, the microwave radiometer can detect 
moisture content at considerable depth into the soil. 

Another microwave remote sensor for soil moisture 
content detection is radar, the active microwave sensor. 

The application of radar on the detection of soil 
moisture has received less attention than the microwave 
i radiometer, yet it has proved to be a high potential 

candidate. Rouse [15] has discussed the possibility of 
using radar scatterometers to measure soil moisture 
content. Moore et al. [16], Waite et al. [17], [18], and 
;■ Davis et al. [19] have shown experimentally the feasibility 

of using radar for the determination of soil moisture ^ 
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Past History and Inadequacies of Soil Moisture 
Detection by Passive Microwave Radiometer 

In 1965 Kennedy et al. [20], [2X] initiated a series 
of radiometric studies of snow and soil, from which the 
possible application of microwave radiometer for the 
detection of soil moisture content was stimulated. The 
first soil moisture measurements on natural terrains by 
microwave radiometer was conducted by Kennedy and Edgerton 
[22], and by Edgerton et al. [23]. The measurements were 
ground based. On May 21, 1968 NASA conducted a series of 
aircraft flights equipped with microwave radiometers over 
southern California for the remote determination of soil 
moisture [24]. The microwave radiometers (MR62/MR64) 
were operated at 9.3, 15.8, 22.2, and 34.0 GHz frequencies. 
From the results it was concluded that a moist layer more 
than 0.1 inch below a dry surface layer could not be 
detected by microwave radiometers at one to two cm wave- 
lengths. However, using a ten cm wavelength (approximately 
3 GHz) microwave radiometer, Basharinov and Skutko [25] 
demonstrated that soil moisture content could be inferred 
to within a 3% moisture content value from the radiometric 
data. 

More recent investigators include those of Richerson 
[12], Jean [13], Poe et al . |26], Schmugge et al. [11], 
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Kroll [14] and Sibley [27]. Richerson investigated the 
relationship of the moisture content of smooth surface 
to its radiative properties and used this relationship 
to study the expected performance of a tower-based micro- 
wave radiometer in monitoring soil moisture. Jean reported 
the results of airborne radiometric measurements at 21.13, 
11.15, 6.01, and 2.81 cm, 2.69, 4.99, and 10.69 GHz. Their 
results were generally encouraging, but the amount of data 
were very limited. 

Poe et al. reported on a series of microwave radio- 
metric measurements at wavelenjjths 0.81, 2.2, 6.0 and 21.4 
cm on bare soil with a variety of moisture conditions. 

Their measurements compared favorably with the computed 
values obtained from the theory of vertically structured 
media [26] for moderately moist to saturated soil condi- 
tions at all wavelengths. It was concluded that a semi- 
quantitative understanding of the microwave emission pro- 
perties of the soil has been reached. 

Schmuggee et al. also reported a series of aircraft 
flights over bare land using microwave radiometers in the 
wavelength range 0.8 cm to 21 cm. The results indicated 
that it is possible to monitor soil moisture variations 
with airborne microwave radiometers, and that the emission 
measured is a function of the radiometer wavelength and 
the distribution of soil moisture. It was shown that the 
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longer wavelengths were more sensitive to the variation 
of soil moisture. Kroll analyzed airborne microwave 
radiometer measurements over selected sites in Chickasha» 
Oklahoma and Weslaco, Texas. His analysis shows that the 
airborne microwave radiometric monitoring of soil moisture 
is feasible, but noted that continued research, along with 
development of more reliable technioues, should be con- 
ducted. 

Sibley has investigated the effects of vegetation 
on the detection of soil moisture content. He has devel- 
oped theoretical models for the apparent temperature of 
vegetated terrains. However, very little experimental data 
were available to substantiate his models. 

Examining the past investigations and experiences, 
a summary of the past inadequacies can be reached. It 
appears that the problem lies in three areas. The first 
area is the need for a fuller understanding of the radia- 
tive and scattering characteristics of natural surfaces, 
and the relation between the moisture content and the 
radiative characteristics of natural surfaces. The theo- 
retical models of the apparent temperature of natural 
surfaces need to take into account the possible effect of 
vegetation, surface roughness conditions, skin depth of 
the soil, contribution from the atmosphere and the antenna 
pattern o. the radiometer. 
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The second area in the inadequacies lies in the 
experimental measurement programs. In the past and at the 
present still, the acquisition of meaningful data has been 
difficult. This appears to be caused by two factors: the 

lack of a well controlled and cooperated experiment pro* 
gram, and the inadequate techniques that are available in 
handling and interpreting the tremer s amount of data 
collected. In the case of an airbor nission conducted 
conjunctively with a ground-based study, a well controlled 
and cooperative program for the overall experiment is 
especially important so that the airborne data and ground 
data are correlated. In the past experimental measure* 
ment programs, measurements have been made at various 
frequencies. As emission is a function of the radiometer 
frequency, investigations on the "optimum" frequency for 
monitoring soil moisture is necessary. 

The third factor which has reduced the effectiveness 
of the passive microwave radiometer in monitoring soil 
moisture content has been the disjointed development of 
the experimental measurements and the theoretical studies. 
A conjunctive effort is needed to made the passive micro- 
wave radiometer a more effective remote sensing tool in 
the monitoring of the soil moisture. This work reports 
such a conjunctive effort of investigation. 
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Objective 

The dependence of microwave emissions upon soil 
moisture content is recognized and has been attributed to 
an increase in the dielectric constant of soil with in- 
creasing moisture content. However, this emission process 
is affected by the surface roughness and the vegetation 
coverage. These and many other oa.ameters might play 
impo^'tant roles in the possible determination of soil mois- 
ture content by passive microwave radiometers. 

The objective of this study is to examine empiri- 
cally the effect of soil surface roughness and vegetation 
on the measurement of soil moisture by passive microwave 
radiometers. The experimental results are compared with 
the results of the theoretical models and previous work 
conducted by other investigators. From this experiment, 
an attempt is made to establish the actual potential of 
the passive microwave radiometer for monitoring the mois- 
ture content of natural terrains. 

Scope of Report 

Models of apparent temperature of natural terrain 
incorporating surface roughness and vegetation effects 
have been developed by Peake [6], Peake et al. [7], Johnson 
[10] and Sibley [27]. This study reports on a ground based 
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experiment of soil moisture detection for bare and vegeta- 
ted rough surfaces by a dual frequency microwave radiometer. 
The results of the experiment serve to evaluate the exist- 
ing theoretical models. 

Chapter II discusses the basics of passive micro- 
wave radiometry and the dual frequency passive microwave 
radiometer system that was used in this investigation. 

Chapter III begins with a background study on the 
theoretical modeling of microwave emission of natural 
terrain, considering the effects of surface roughness and 
vegetation. A review is given of the apparent temperature 
models for bare and vegetated terrains. The surface rough- 
ness conditions considered are smooth, medium rough, and 
rough surfaces. The study of the vegetation effect is 
concerned with uniform vegetation coverage on smooth and 
rough surfaces. 

Chapter IV describes the laboratory measurements of 
dielectric constants of the soil used in this investigation. 
A report is also given on the ground-based experiment pro- 
gram. 

Chapter V is concerned with the analysis of the 
experimental results and comparison with the theoretical 
solutions. The effects of surface roughness and vegetation 
on the apparent temperature measurements are observed. 

A review is also given to some recent research efforts. 
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Chapter VI gives conclusions and recommendations 
for further study. 
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CHAPTER II 


PASSIVE MICROWAVE RADIOMETER 


Microwave Thermal Emission 


Electromagnetic radiation is emitted by all natural 
objects above absolute- zero temperature. This electro- 
magnetic radiation covers a wide range of frequencies and 
polarizations, and both the total radiated power and the 
power in any spectral band increases with the temperature 
of the emitting object. Thermal radiation is described 
for an ideal radiator or "blackbody" by Planck’s radiation 
law [28] : 








-1 


(II-l) 


where : 


h = Planck's constant = 6.626 X 10 joule-seconds 

O 

c = speed of light = 3 X 10 meters/second 
k = Boltzmann's constant = 1.38 X lo'^^ joules/®K 
f = frequency of radiation 
T = absolute temperature 

At microwave frequencies, Planck's blackbody radi- 
ation law can be quantitatively approximated b)' the 
Rayleigh-Jeans approximation. This approximation holds in 
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the frequency range where 


/if^< A,T 


CI-2) 


The approximation is given as 


/^-/V At 
= 


(iI-3) 


c~ A‘ 

where X is the wavelength of the radiation. Considering 
the power density within a small frequency Af, the radiated 
power can be approximated by 


p_ 


(II-4: 


This version of the Rayleigh- Jeans Approximation relates 
directly between the temperature and radiated power of a 
blackbody. The measure of the power of the received 
radiated energy is generally related to the temperature 
scale. The power received at the radiometer antenna is 


given by [29] 


c*jaCta 


(II-5) 


where 


radiometric bandwidth in Hz 


■» the antenna response function 
If an ideal antenna is matched to a load at the same 
temperature and a blackbody radiating source is 

assumed, then (II-5) can be written as 
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(II-6) 


If the radiating body is not a blackbody, as is the case 
in the real world, the radiance will be reduced by a factor 
e, the emission coefficient. Because of (II-3) the effect 


of emission coefficient on radiance is com^aiable to 
that of temperature. This leads to the concept of apparent 
radiation temperature, or simply apparent temperature 


(V: 




CII-7) 


which would cause a blackbody to yield the same radiance 
as that of the real world radiating body at temperature 
T. Emissivity, which is defined as 


Power emitted at a particular polarization 
by a unit area of surface into an element of 
emissivity = solid angle df^o in the direction 4 >o. 

Power emitted at the same polarization by a 
unit area of blackbody at the same temperature 
into the same element of solid angle in the 
same direction 


is the correction factor and the key to the understanding 
of the radiometric data from natural terrain. It is a 
function of the permittivity, surface roughness, and 
vegetation cover of the terrain, and of the polarization, 
viewing angle, and frequency of the radiometer sensor. 

For real world radiometric measurements, the radiated 
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power received at the antenna is 



(II-8) 


where « apparent antenna temperature induced by the 
source in degree Kelvin (®k) 


Apparent Temperature 


As discussed above, apparent temperature T_ as defined 
by (II-7) is a measure of the radiance of the real world 
radiat^'r relative to a blackbody radiation. Solving 
(I I -8) for the apparent antenna temperature, T^, the 

a. 

relationship between the apparent temperature of the 
source in terms of its radiated power is 





(II-9) 


Considering that the target is being observed from 
a distance, the apparent temperature induced on the 
antenna would be a sum of several contributions. The 
most significant contributors to the apparent temperature 
at a particular polarization are: 1) the thermal radiation 

emitted by the surface, 2) the scattered diffuse radiation 
of the atmosphere between the antenna and the target 
surface, 3) the scattered radiation from quasipoint 
sources such as the sun, and 4) the reflected sky tempera- 
ture [6], [7], [30]. 
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Peake [6] developed a model for apparent surface 
temperature expressing the emissivity of a smooth surface 
in terms of its scattering coefficients, which he 
empirically derived. His expression for the apparent 
temperature, which is the sum of the above four* major 
contributors, may be expressed generally as 




It was found that the contribution from the quasi - 
point source, mostly from the sun, is negligible and 
therefore, can usually be neglected. The contribution 
of the reflected sky temperature to the total apparent 
temperature is in the vicinity of one to two degrees, 
therefore, generally it can be neglected also. 


Passive Microwave Radiometer System 
and Its Fundamentals 


The microwave radiometer is essentially a high gain, 
low noise receiver which detects thermal radiation of 
objects. It is capable of detecting very small radia- 
tion power level (-90 to -100 dRiu) cf most natural bodies 
[31], [32]. 

The passive microwave radiometer system is composed 
of four basic subsystems. The four basic subsystems 
are (1) the spectrum surveillmue subsystems, (2) the 
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RF subsystem, (3) the receiver subsystem, and (4) the data 
processing subsystem. The spectrum surveillance subsystem 
includes the antenna, mixers, filters, and spectrum 
analyzer. The RF subsystem consists of a modulator head 
of specific frequency band and the reference noise genera- 
tors (RNG) . The RF head performs RF switching between 
the antenna and the RNG, filtering, frequency conversion, 
and IF preamplification. The receiver subsystem is the 
key of the radiometer system. It consists of a broad- 
band IF input, square law detector, low-noise and low- 
offset dc amplifier, Y-factor measurement circuitry, 
timing and control circuitry for Dicke switch operation 
and synchronism, alarm and band selector logic, and the 
data multiplexer. The essential part of the receiver 
subsystem is the Y-factor measurement circuitry. The 
Y-factor measure circuitry is basically a digital measure- 
ment technique (similar in operation to the AD converter) 
that enables the radiometer system to act as a form of a 
gain modulated radiometer. A detailed discussion of the 
Y-factor measure circuitry can be found in reference 
[32]. Finally, the data processing subsystem consists 
of the digital computer units for apparent temperature 
conversion, data interfacing and recording. 

There are two basic types of microwave radiometers: 
the unmodulated type, and the modulated type (or ’’Dicke" 
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type). These two types of miciowave radiometers are shown 
in Figure (Il-l(a) and (b)) [30]. The early microwave 
radiometers are of the unmodulated type. They have 
limiting sensitivity caused mainly by internal noise 
of the amplifier, and the fluctuation of the amplifier 
gain. Modern microwave radiometers are mostly with 
’’Dicke*' type radiometer. In 1946, Dicke [33] developed 
the "switching radiometer" which reduces the effects of 
gain fluctuation at a small tradeoff with the analysis 
time. The "Dicke" type microwave radiometer utilizes a 
ferrite device which modulates the incoming antenna power 
against a stable reference source. The ferrite switch, 
or the "Dicke" switch, is driven by a reference oscillator, 
alternately connects the output of the antenna port and 
a reference source to the input of the RF amplifier. A 
square wave modulated signal is produced for any difference 
that occurs between the antenna temperature and the 
temperature of the matched base load. The amplitude of 
the modulated signal is matched to the corresponding 
temperature difference. This square wave modulated signal 
is then represented by a DC voltage proportional to the 
temperature difference of the apparent antenna temperature 
and the known reference source. 

The absolute accuracy of the radiometric brightness 
temperature dep nds on the fineness of the calibration. 




Figure Il-lb. The Modulated Type (’’Dicke” Type) 
Microwave Radiometer [30]. 
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The reference noise generators (RNG) are the key of the 
calibration. Absolute accuracy of the brightness tempera- 
ture is achieved by minimizing the uncertainties of the 
RNG thermometric temperatures. 

Besides calibration, two other factors play important 
roles in making valid measurements of the brightness 
temperature of radiating objects by the microwave ladio- 
meter. These two factors are the sensitivity and the 
stability of the system. 

The sensitivity of a radiometer can be described 
in terms of the equivalent rms noise at its inputs: 



(II-IO) 


where T 


op 


To * T^ 
a e 


and T^ = equivalent noise of the antenna referred to the 
receiver input in Kelvins 
Tg * equivalent noise of the electronics 

B * prediction bandwidth in Mz 
T = postdetection time constant in seconds 


To reduce the effect of gain fluctuation and thus 
improve the stability of the microwave radiometer, the 
Y-measurement technique was designed. The Y-measurement 
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technique is a gain modulation technique that automati* 
cally changes the gain of the radiometer in synchronism 
with the switching between the antenna and reference noise 
generator. The Y-factor is defined as 



where = system gain when the radiometer is connected 
to the antenna 

Gj^ = system gain when the radiometer is connected 
to the reference noise generator 
T = the equivalent electronics noise temperature 
of the radiometer system 
* the antenna temperature 
Tj^ ® the reference temperature with which the 
is compared 


Solving for from (11-12): 

7 ~ . TUtZ l'zI) 

'A 


(11-13) 


therefore Ty^ can be determined by determining Y and is 
independent of the gain. A linear radiometer with a 
squarelaw detector will have detector output voltages 
Vy^ due to (Tg + Ty^) and due to (T^ + Tj^) . Thus, the 
Y-factor measurement is a measure of the ratio Vj^/Vy^. 
For the microwave radiometer system used in this study, 
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this is done by attenuating Vj^ by a factor A until 
|Vj^A - E, where E is determined by the required 

measurement resolution. Setting the error voltage E to 
zero, the following is obtained 





(11-14) 


The incremental changes in A relative to incremental 
changes of can be determined by taking the derivative 
of A with respect to A in (11-14). Therefore 

JA / 





(II‘15) 


Features of the Passive Microwave 
Radiometer of the Experiment 


The passive microwave radiometer system used for 
the field experiment of this study is a dual frequency 
radiometer built by Airborne Instrument Laboratory (a 
division of Cutler-Hammer, Deer Park, Long Island, New 
York) for NASA. The two frequencies of the radiometer 
system are 1.41356 GHz (21.13 cm, L-band) and 10.69 GHz 
(2.81 cm, X-band) respectively. This dual frequency 
microwave radiometer system is one of the most advanced 
systems now in operation. 

The L-band RF and receiver sybsystem are essentially 
the same as the S-194 radiometer used in the Skylab/EREP 
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program. There are a number of unique features about this 
dual frequency microwave radiometer system. These are: 

(1) it is a mobile system, the radiometer system is mounted 
on a flat bed truck with a 75-foot articulated arm serving 
as the sensor platform, Figure (II-2), (II-3), and (II-4); 

(2) it is a self-sustained system with a 25 kw electrical 
power generator; (3) this radiometer system employs the 
Y-measurement techniques which makes it possible for the 
radiometer output to be essentially independent of the 
receiver gain fluctuations; (4) it processes a computer- 
ized data processing subsystem. The hardware consists of 
a ruggedized minicomputer, a teletype Wxth paper punch 
and reader, a magnetic tape unit, a control panel, analog 
strip chart recorder, and interface units. 

The Y-measurement technique employed and the data 
processing subsystem of this system are the two most 
significant improvements over other microwave radiometer 
systems. The radiometric data, in the form of a serial 
digital data train, is formatted in the receiver and output 
to the computer. Simultaneously, the data are processed 
by the computer, then the reduced and formatted data are 
stored in the seven-track magnetic tapes. This computer- 
ized data system allows large amounts of data to be 
collected in short periods of field work. The data are 
readily evaluated in the field as to data quality, so that 
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Figure II- 3. Truck Mounted Articulated Arm 
and Sensor Platform [31] . 
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Figure I I- 4. The Data Van of the Microwave Radiometer 
System [,31] . 










the acquisition of poor data can be avoided, 

A block diagram of this dual frequency radiometer 
system is illustrated in Figure (II-5). A list of some 
system parameters are shown on Table (II-l). A parabolic 
dish shaped antenna is used for the X-band system, and a 
64>element dipole phased array is used for the L>band 
system. These two antennas are shown in Figure (11*6) 

(a) and (b). Figure (II-6) (a) shows the frontal view of 
the X and L*band antenna (the L-band antenna is the square 
shaped one), and the television camera (the box below the 
X-band antenna) for pinpointing the observing target. 
Figure (II-6) (b) shows the hind-view of the antennas with 
their receiver and RF subsystems. 
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Figure II- 5. The Block Diagram of the Dual Frequency 
Passive Microwave Radiometer Used for 
This Study, [31]. 
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Frontal -View of the X-banJ aiiJ I- hand 
Antenna, and the Television Camera. 
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Figure ll*h. Hind view of the Antennas 
Receiver .Subsystero.s. 


and the RF and 
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CHAPTER III 

APPARENT TEMPERATURE MODELS 
Background 

As discussed in Chapter II, it is known that all natu- 
ral objects above absolute- zero temperature radiate 
electromagnetic energy. In this real world where all 
radiating objects are considered non-ideal radiators, this 
radiated electromagnetic energy can be measured in terms 
of the apparent temperature of the body. The radiant power 
and the apparent temperature is approximated by Planck's 
blackbody radiation law [28]. In the resea- ch of remote 
detection of soil moisture by passive microwave radiometer, 
the soil moisture conditions are inferred from the apparent 
temperature measured. To obtain a meaningful interpreta- 
tion from the apparent temperature information, the emis- 
sion process of electromagnetic energy originated from 
within the natural terrain must be carefully studied. 

For the purpose of generalization in the examination 
of electromagnetic radiation from the terrain to the 
receiving sensor, the natural terrain is assumed to be 
vegetated in some manner. Basically there are six pro- 
cesses tiiat determine the apparent temperature of the 
vegetated natural terrain |()|, [27]. First a portion of 
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i electromagnetic energy originates from the sub-terrain 

I 

I surface and is transmitted across the boundary toward the 

I sensor. This transmitted field experiences attenuation 

i as it propagates through the vegetation canopy. There is 

f 

the electromagnetic radiation from the canopy which aug- 

i 

j raents the radiation from the ground. The other processes 

j ' that contribute to the apparent temperature are the scat- 

tered diffused radiation of the atmosphere between the 
antenna and the terrain surface, the scattered radiation 
from quasipoint sources such as the sun, and the reflected 
sky temperature. 

The scattering and emission of electromagnetic waves 
• in the course of journeying from the terrain to the sensor 

are very complicated processes. Completely satisfactory 
descriptions and explanations on these processes have not 
yet been achieved. However, progress has been made in 
identifying and describing some of the factors which affect 
the scattering and emission process from the natural ter- 
lain. Experimental results [6], [14], [12] and theoreti- 
cal studies [6], [27], [10], have revealed that permitti- 

i 

\ vity values (soil and vegetation), terrain surface rough- 

i 

i ness, and vegetation coverage are playing important roles 

1 in affecting the electromagnetic emission and scattering 

process. Sibley [27] has made extensive theoretical 
studies on the effect of vegetation. He has developed 




I 


1 


i 


1 


I 


32 



apparent temperature models incooperating with the vege- 
tation and surface roughness effects for the natural 
terrains. He has shown that vegetation has a masking 
effect on the soil moisture dependency. Figure III-l, 
Figure II 1-2, and Figure I II -3 show some of the key theo- 
retical predictions about vegetation effects according to 
Sihley. Figure III-l and Figure III-2 indicate that the 
sensitivity of apparent temperature to variations in mois- 
ture content depend on the vegetation volumetric density, 
vegetation height, frequency, and incidence angle. Figure 
III-3 is a plot of the height-density product against 
measured soil moisture content. As the height-density 
product increases, the apparent soil moisture that could 
be measured decreases. As shown from these three figures, 
Sibley shows that as the density or the height of vegeta- 
tion increases, the apparent temperature increases and 
becomes less sensitive to variations of soil moisture. 

The significance of the contribution of the canopy to the 
apparent temperature also depends on the frequency of 
radiation considered, the dependence on soil moisture 
gradually disappears with the higher frequencies (Figure 
III-l) . 

In the remote monitoring of soil moisture of natural 
terrains, there have not been adequate controlled experi- 
mental data to test the validity of the theoretical models 
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40“ Incidence 
Vertical Polarization 
Density ■ 5.0% 

F = 83%, U - 20 
Canopy Height « 50cm 

0“ Incidence 
Vertical Polarization 
Density ■ 5% 

F - 83%, U - 20 
Frequency = 1.4GHz 


10.6GHz 


3GHz 


1.4GHz 


Percent soil moisture 


Figure III-l, 


Calculated Apparent Temperature at 
Two Incidence Angles of a Uniformly 
Vegetated Smooth Surface for Various 
Frequencies and Canopy Heights [27]. 
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developeu and to determine the exact natures of the sur- 
face roughness and vegetation effects. It is the goal 
of this study to attempt to determine, with the support 
of some controlled experimental results, the vegetation 
effect and surface roughness effect on the feasibility of 
the passive microwave radiometer to monitor soil moisture 
content of natural terrains. 

The state-of-art of remote monitoring of soil mois- 
ture content of natural terrain is still at its infancy, 
so is the modeling of the emission of natural terrain to 
determine soil moisture. The most significant theoreti- 
cal modeling effort has been that by Peake [6], and later 
by Peake and Chen [7], Stogryn [8], and Johnson [101. 

These models are generally too simplistic and too much of 
an artificial derivation to account for the many param- 
eters that affect the emissive properties of the very com- 
plicated terrains. At the same time, these models have 
made no distinction between bare and vegetated surfaces. 
Nevertheless, these theoretical studies have made impor- 
tant contributions to the understanding of the problem 
and the development of better models. Based on Johnson's 
theoretical developments, .Sibley developed an apparent 
temperature model which would account for the effects of 
vegetation and surface roug;;ie: .> [27]. Before going into 
Sibley's model it is appropriate to review the model for 
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the thermal emission from a rough surface developed by 
Johnson [lOJ . 

Johnson's Model for the Thermal Emission 
From a Rough Surface 

In developing his model for the thermal emission 
from a rough surface, Johnson [10] attempted to provide 
a direct visualization of the physical situation. His 
approach to the thermal radiation problem is that of the 
Planckian Method [10]. In the approach, it is assumed 
that the radiation source is an isotropic material in 
thermal equilibrium and that the internal spectral gonio- 
metric irradiance upon the surface is independent of 
direction and is randomly polarized (Lambertian). However, 
the emitted radiance for the upper side of the surface is 
not necessarily Lambertian, although this often is the 
case. Johnson actually computed the energy generated and 
subsequently transferred across the rough surface inter- 
face. The term known as directional transmittance is used 
to characterize the sur'^ace boundary and to relate the 



emitted energy to the internal thermal irradiance. 

Johnson's model expresses the radiation refracted 
into direction (6^, 4>g) in terms of the radiation incident 
from (0j^, (J)^), and the surface characteristics. The inten- 


f sities of the refracted radiations are given by the 
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transmissive scattering coefficients. The surface char- 
acteristics are specified by the "surface roughness 
factor", 6, and the "coefficient of effective area", 6. 
The surface roughness factor is defined as the actual 
surface area per unit projected area, 



S 2: J 


(iii-i) 


The coefficient of effective area is defined as 


^ 1 (III-2 

relating the effective area to the actual surface area. 
The effective area is that area which is oriented in such 
a way as to cause specular refraction. 

Johnson defined such parameters as local surface 
normals, local incidence angles, and local polarization 
to describe the statistical properties of the rough sur- 
face. The spatial distribution of local normals, which 
are defined to completely describe the surface character- 
istics, is represented by the joint density of its zenith 
and azimuth angles, ^e(|, » 4>j^) • The surface characteris- 

tics are expressed in terms of these localized parameters 
and the marginal density of the zenith angle of the local 
normal. Tlic surface roughness factor is expressed as 
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ynd the coefficient of the effective area is 


(III-3) 


A- 




(III-4) 


The spectral radiance of a rough surface can then be 
determined in terms of the internal radiation, the trans 
missive scattering coefficients, and the surface charac- 
teristics [10] , 


Sibley's Model for Apparent Temperature 
of Bare Natural Terrain 


Apparent Temperature for Bare Smooth Surface 


In Sibley's modeling of apparent temperature of 
terrain as a function of soil moisture content, he only 
considered the thermal emission of soil and vegetation. 

The contributions from the atmosphere, quasi-point source, 
and reflected sky temperature are not included in his 
model because they are not of the main concern in his 
modeling and their effects are often negligible. 

As the apparent temperature of any object is a 
measure of the thermal radiation emanating from the body 
in a particular direction with a particular polarization, 
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the apparent temperature of the object can be measured in 
term of the transmission coefficient, T^, of the two media. 
Transmission coefficient is a function of the permittivi- 
ties of the two media, which in this case are the soil 
and the air above it. The transmission coefficient is 
defined by 

T = Power transmitted with polarization i fm-si 
i ~ Power incident witli polarization i ^ ^ 


The transmission coefficients for the vertical and hori- 
zontal polarizations are determined from Poynting's 
theorem 




CIII-6) 


They are determined respectively as [27] 



(III-7) 


(III-8) 


Where t = transmission coefficient for the horizontally 
H 

polarized wave [34, pp. 492-496] 

Ty = transmission coefficient for the vertically 
polarized wave [34, pp. 492-496] 
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tIq = the intrinsic impedance of the air *377 ohms [35] 

* the intrinsic impedance of the soil 

\|/ * angle of incidence of the incident field in the 

soil 

6 = angle of transmission of the transmitted field 

in the air 


Thus assuming negligible effects from the atmosphere, 
quasi-point source, and reflected sky temperature, as it 
is the case in this ground-based experiment, the apparent 
temperature for a bare smooth surface is equal to the 
product of the ground temperature, the emissivity of the 
soil," and the transmission coefficient [27] 




SfhomiSOii^ 


T,1.% 


(III-9) 


Where T = ground temperature 

e = emissivity of soil 
s ^ 

= transmission of coefficient for polarization i. 


Apparent Temperature for Bare Rough Surface 


The rough surface model adopted for this study is 
the one developed by Johnson [10] . Sibley modified 
Johnson's rough surface model and applied it to the 
measurement of apparent temperat*ire . Applying the defi- 
nition of transmission coefficient, (III-5), and the 
results of Johnson's development, Sibley derived a 
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"transmission coefficient" expression for the rough sur- 
face case. The expression is expressed in terms of the 
surface characteristics (B and 6), local angle of inci- 
dence from the surface to the receiving antenna (9. ) and 

in 

the angle below the surface from which energy is refracted 
into the local angle of incidence (6^), and the trans- 
missive scattering coefficients [10]. The transmission 
coefficient for the rough surface that Sibley used is 




( 1 1 1 - 10 ) 


The first subscript of the transmissive scattering coeffi- 
cients indicates electric (E) or magnetic (H) scattering 
coefficient; the second indicates the polarization of 
the scattered field; the third indicates the polarization 
of the incident field. Assuming the refracted radiation 
can be confined into a direction (6g» <l>g) through the 
various orientations of the surface elements and assuming 
that the vertical and horizontal components of the inci- 
dent radiations are equivalent, Sibley's ap: arent tem- 
perature model for a bare rough surface is [27] 
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Where the subscript I denotes either vertical or horizon- 
tal polarization. 

Sibley's Model for Apparent Temperature of Uniformly 
Vegetated Natural Terrain 

The approach that Sibley used to model the apparent 
temperature of uniformly vegetated natural terrain is 
straightforward. He characterizes the vegetated natural 
terrain, composing of the soil and the vegetation-air 
medium, by their respective permittivities. According to 
Sibley, there are three basic processes that make up the 
total apparent temperature. These are: 1) thermal 

emission from the soil, 2) attenuation on the soil emis- 
sion by the canopy, and 3) thermal radiation from the 
canopy. Sibley developed apparent temperature models for 
a uniformly vegetated surface and a surface with row crops. 
In this study, only the case of uniformly vegetated sur- 
face is investigated. For tl'*^ uniformly vegetated terrain, 
the vegetation is described by its height, volumetric 
density, water content in the plant, and a mixing term 
called Formzahl [27]. 

In determining the total apparent temperature of the 
vegetated terrain, a knowledge of the permittivities of 
the soil and the vegetation canopy is very important. The 
permittivity of soil determines the transmission 
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coefficient of the soil surface which affects the emission 
process. It is a measurable parameter, a detailed dis- 
cussion on one of the measurement methods will be given 
in Chapter IV. The vegetation canopy is a mixture of 
plant material and air. The permittivity of this canopy 
is needed in the calculation of the attenuation constant 
of the canopy; thus it determines indirectly the amount 
of attenuation imposed on the thermal emission from the 
ground by the canopy. The attenuation constant of the 
canopy is given as 

0< (J/^ i) (III-12) 

_ 7 

= permeability of free space ® 4 x 10 
henry/meter 

» imaginary part of the permittivity of 
the vegetation canopy 

= real part of the permittivity of the 
vegetation canopy 

The permittivity of the vegetation canopy is approxi- 
mated by Weiner model for a dielectric mixture as pre- 
sented by Evans [36] as 

£ ^ UO-P') 

£^0-P) + P-i-u (in-13) 

where * permittivity of the vegetation 

P = volumetric density of the vegetation 


where 

o 

It 

^canopy 

f 

^canopy 
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U • Formzhal, which describes the dispersion of 
one medium within the other. Generally it 
is assumed to have a value between 10 and 25. 


The permittivity of the vegetation is approximated by 
Peake and Oliver [37]. The approximation is 

^ 1 / = (III-14) 


where F » fraction of water by weight in the plant 
e * permittivity of water 

W 


The permittivity of water was found experimentally making 
use of its Debye type relaxation [38]. Debye relaxation is 
defined by the exponential behavior of the displacement 
current in a dielectric to which an electric field is 
suddenly applied [39]. The permittivity of water is given 
by 


where 



e * instantaneous dielectric constant * 5.5 [36] 

00 

e * static dielectric constant 
s 

f * frequency of observation 
f^ * relaxation frequency 
- 9.0 + 0.405 (T-273) GHz 
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Therefore the net contribution of the soil to the 
total apparent temperature is [27] 




(III-16) 


where 


a 

H 

e 


ground temperature 
emissivity of soil 

transmission coefficient for polarization i 
attenuation constant of canopy 
canopy height 
angle of observation 


The contribution from the canopy thermal emission 
is given by [27] 

== 4/ ) (III-17) 

c/vi>pf ' 

where T * canopy thermometric temperature 
f * energy transfer factor 

This expression is developed from the apparent temperature 
of a dielectric layer model by Fung et al. [9|. The 
energy transfer factor, f, has a value of less than one 
if there is a gain of energy by the plant, and it is 
greater than one if there is a loss of energy by the 
plant. The first case is generally true for the daytime; 
the second case represents water stress condition and the 
phenomenon at nighttime. 
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The total apparent temperature representing a smooth, 
uniformly vegetated natural terrain is therefore 
T" T- ^ -<tXHSR9 

) uii-u) 

Since (III- 18) is a special case of the formulation of a 
rough surface, the total apparent temperature of a rough, 
vegetated terrain is formulated in the same manner except 
is replaced by (III-IO) 



The rough vegetated surface apparent temperature is 


z,-w 
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(III-19) 
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CHAPTER IV 

CONTROLLED EXPERIMENTAL PROGRAM 


Introduction 

In the past few years attempts to measure soil mois- 
ture remotely had been made with aircraft equipped with 
passive microwave radiometers [24], [14]. Most analysis 
of the collected data suggested that ground based studies 
of the problem should also be conducted to examine the 
characteristics of various parameters in the problem and 
to gather the basic, rigidly controlled data for the 
improvement of remote sensing techniques and the proper 
interpretation of the remote collected data [12], [14]. 

Of the many parameters that affect microwave emission 
of soils and thus the remote sensing of soil moisture, 
three parameters appear to be more important than the 
others and special investigation on these are desired. As 
remote sensing of soil moisture is to use the electrical 
parameters of the soil as a diagnostic signature, it is 
therefore necessary to establish the definite relationship 
between the complex dielectric constant of the soil 
observed and its water content. The second and third 
parameters concern the effects of the terrestrial surface 
roughnesses and vegetation on the ability to measure soil 
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moisture content by passive microwave radiometers. 

This chapter describes the ground based experimental 
program that was conducted for this study. In the follow- 
ing, a description of the field preparations and a dis- 
cussion of the ground truth measurement techniques 
employed during the experiments are presented. In addi- 
tion, an investigation into the permittivity of the soil 
of the experiment is included. 

Controlled Field Experiment 

The primary investigations in the ground based exper- 
iment were devoted to the study of the efiNjcts of surface 
roughness and vegetation. A bare field experiment was 
first conducted, followed by a vegetated field experiment. 
The field activities involved the preparations of the 
field, collection of information on various parameters, 
and the radiometric measurements. The ground based passive 
microwave radiometric measurement was conducted in coopera- 
tion with the Johnson Space Center, and Lockheed Elec- 
tronics Co. The experiment site was located at the E29 
plot of the Texas A§M University Farm in Burleson County, 
Texas. The plot has an area of 50 meters by SO meters. 
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Bare Field Experiment 

The bare field experiment began in June 1973. This 
experiment mainly concerns the effect of terrain rough- 
ness on the detection of soil moisture by passive micro- 
wave radiometers. The observed field was totally barren. 
The field was partitioned into three equal areas of 50 
metei> by 17 meters each. Three types of surface rough- 
ness were created for the study. The first area was made 
very smooth, the second area was disced to give a medium 
rough condition, and the third area was plowed to give a 
very rough surface texture. These three types of surfaces 
are shown in Figure IV- la, 1-b, and Figure lV-2. The 
relative locations of these three surfaces and the field 
labellings are as shown in Figure IV-3. 

The roughnesses of the surface were described by a 
parameter F, which is defined as 

soil surface area above a level area of one foot 

f s: squared 

reference level area of one foot squared (i.e. 

1 ft.^) 

The soil sirface area above the standard level area was 
approximated from the conformed area obtained by overlaying 
a very thin plastic sheet on top of the soil surface. 

With r as the roughness characterization, the following 
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Figure IV-3. Field Labelling and Relative Locations of 
the Three Type of Surface Roughnesses. 
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average values were obtained for the three surfaces : 

Smooth surface, Tg * 1.1527 

Medium Rough Surface, * 1.617 

Rough Surface, Fj^ * 2.49 

Other soil roughness parameters for the three bare fields 

were noted and their statistics are shown in Table IV- 1. 

To determine the ability of the passive microwave radiom- 
eter to detect soil moisture and the variation of soil 
moisture content, the field was irrigated and several 
radiometric measurements were made at various time periods 
after the irrigations. The irrigation technique used was 
the sprinkling method of irrigation. The field was irri- 
gated to the extent that the soil was saturated with water 
to a depth of about 0.4- 0.6 meter. 

Extensive soil sample collection for determination 
of soil moistures and soil temperature thermometric mea- 
surements was conducted simul. 'oous with the radiometric 
measurements. Soil samples an^ soil temperature measure- 
ments were taken at the locations shown in Figure IV- 3. 
Soil samples were taken at the depths of 0 cm (the sur- 
face) , 4 cm, 5 cm and 18 cm. The top surface soil samples 
were obtained by scrapping the top soil with a flat 
scraper. To collect the subsurface soil samples, two 
techniques were possible. The first technique was to dig 
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into the soil to the deepest depth of interest (18 cm) 
then soil samples at various desired depths were extracted 
on the wall of the hole. The second method was to dig 
out a large vertical profile of soil, then this soil block 
was leveled to various desired depths and the soil at 
these depths was extracted. The first method worked for 
both wet and dry soil. The latter method worked best for 
relatively wet soil. 

The soil samples collected were taken to the labora- 
tory and the determination of the percentage of soil 
moisture was processed the same day. Soil moisture pro- 
files were then plotted after the percentage of soil mois- 
ture were determined. 

The moisture content of the soil was determined by 
the gravimetric methods with oven drying to remove the 
water in the soil. The gravimetric methods involve weigh- 
ing the wet sample, removing the water, and reweighing the 
sample to determine the amount of water removed. The 
percentage of soil moisture is determined from the formu- 
la below: 


W . w, 

%soil moisture by weight = X 100 (IV-1) 
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where W » wet soil weight 
w 

■ dry soil weight 

The soil samples were dried in a ventilated oven at 
a constant temperature of 105®C and a drying time of 
approximately twenty-four hours [12] » [40], and [41], 

Soil is made up of coloidial and noncolloidial mineral 
particles, organic materials, volatile liquid, water and 
chemical substances dissolved in water. A drying temper- 
ature of 105®C and a drying period of approximately twenty- 
four hours is the standard laboratory procedure to deter- 
mine soil moisture content. These specifications are 
adopted to avoid excessive oxidation and decomposition of 
soil organic matters in the drying process. Many soils 
contain only small amounts of organic material, much of 
which is fairly stable. Inaccuracies introduced by 
uncertainties in the drying of organic materials can often 
be neglected [41]. 

At the same time the soil samples were taken, soil 
temperatures were taken. Soil temperatures at the sur- 
face, 2 cm, 4 cm, 8 cm, and 16 cm below the surface were 
recorded. Thermister probes and platinum- resistance sen- 
sors were used for soil temperature measurements. 
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Vegetated-Field Experiment 

This experiment was devoted to the investigation of 
vegetation effects. The experiment began in early Sep- 
tember, 1973. Oats were planted on September 3, 1973. 

Oats grass was chosen primarily because it can survive 
through the winter and 't can grow to the desired height 
of about two feet above ground. One hundred pounds of 
oats seed was sown evenly on each of the three 50 meters 
by 17 meters partitions. The amount used gave a uniform, 
thick vegetation coverage on the soil when the plant was 
full grown. Pictures of eight-week oats on the three 
types of surfaces are shown in Figures IV-4a, 4b, 5a, and 
5b. The oats as shown on these pictures were about twenty- 
five centimeters tall. A close up view of eight-week old 
oats on the rough surface is shown in Figure IV- 5b. 

During the radiometric measurements, the same soil 
sample collection and soil temperature measurement rou- 
tines were performed, with the additional task of oats 
sample collection. The oats samples were taken for the 
determination of the percentage of water that was in the 
plai't. To further characterize the oats vegetation, 
photographs were taken, the height of the oats was mea- 
sured and the volumetric density of the oats vegetation 
was estimated. The volumetric density of the oats 
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vegetation is taken tc be the volume of oats vegetation 
in a cubic foot. The method used to determine this 
volumetric density required the use of the density (mass/ 
volume) of the oats vegetation. After the density was 
determined, the volumetric density (volume of vegetation 
within a cubic foot) was obtained simply by dividing the 
mass of oats clipped from a one cubic foo’- volume by the 
density of the oats vegetation. 

A listing of the entire soil moisture and thermoraetric 
temperature data is given in Appendix A. Soil moisture 
profiles for all the radiometric measurements are also 
presented. The vegetation characterizations are given in 
Chapter V. 

Laboratory Measurement of Dielectric 
Constant of Soil 

The first phase of the ground based experiment pro- 
gram was the measurement of complex dielectric constant of 
the soil from the experimental fields, observed as a 
function of soil moisture content. This information is 
important because it is known that “he emitted energy 
measured by the microwave radiometer is dependent on the 
dielectric constant of surface being scanned [42] . The 
soil moisture and dielectric constant relationship is a 
key parameter used in the theoretical models for the 
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prediction of the soil apparent temperatures from which 
soil moisture conditions can be inferred. 

To provide true characteristics of the electiical 
property of the soil observed for the experiment, soil 
samples used for the determination of relative dielec- 
tric constant of soil were taken from different locations 
distributed representatively over the entire experimental 
field. Soil samples were collected to a depth of about 
0.4 meter. The soil samples were analyzed by the Soil and 
Crop Science department at Texas A§M University. The 
result indicated that the soil for this experiment obser- 
vation is very homogeneously Miller Clay type, which is 
composed of 49% clay, 35% silt, and 16% sand. The result 
of this soil chemical analysis is indicated in Table IV- 2. 

Clay tends to be very difficult to work with when 
it is moistened. A special technique for handling clay 
or similar soils for dielectric constant measurements is 
presented in the Appendix B. In the hope of preserving 
the soil's genuineness, distilled water was used to 
moisten the soil. After the distilled water was added to 
the soil, *he soils were allowed to set for at least 24 
hours fore any dielectric constant measurements were 
made, this insured resemblance with the irrigated soil 
conditions in the actual field observations. 
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Different methods of measuring the dielectric constant 
of soils or other materials have been investigated by 
many investigators. Some of these include the "phase 
shift method" proposed by Rouse and Giarola [43], the 
radar power reflectance technique employed by Davis, 
Lundien, and Williamson [19], the "impedance method" 
proposed by Rouse and Giarola ;43], the tim'-doroain 
reflectoraetry introduced by Hewlett-Packard Co. [44], the 
"free space method" investigated by Hertal et al. [45] 
and Wiebe [46], and the "waveguide method" investigated 
by Wiebe [46]. 

In this study, the measurements of the complex 
dielectric constant of soil were performed at the Remote 
Sensing Center, Texas A§M University with the waveguide 
system intiOduced by Wiebe. As a check of the results 
obtained, the complex dielectric constant measurements of 
the same scii type were performed with the modified Wiebe 
waveguide syst.m proposed by Giavo'.a [47] at Texas A5M 
University. 

Measurements with Wiebe Waveguide Sysiem 

A block diagram of Wiehe's waveguide system is sh-i '. 
in Figure IV-6 and a photogn^. h • f the experimental 
apparatus is shown in Figuio 'V-7. To I^^'iHtate rapid 
dielectric constant measurements o;-. t lai «. .i«.ale, a 
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f special sample hclder (Figure IV- 8) was used for accomo- 

I 

I dating the section of the waveguide which holds the sample 

I 

I of soil. The frequency used for the dielectric constant 

V measurements for this study was 10.5 GHz which closely 

I 

■ approximates one of the two frequencies used in this 

study. This frequency was provided by a waveguide cavity 
Gunn Oscillator (MA86131) . 

The complex relative dielectric constant of the soil 
was determined from the curves of attenuation and phase 
shift versus the soil sample length. Each of these curves 
if the end product of an iterative process for each value 
of soil moisture content. For each soil moisture value, 
the measurements of attenuation and phase shift are made 
for at least five different sample lengths. The length 
of the soil sample used for attenuation and phase shift 
measurements varies with the amount of moisture that is 
in the soil. For very dry soil, soil sample length can 
begin from 3 cm and be incremented at increments of 1 cm 
up to beyond 7 cm. But for very wet soil, sample length 
might begin from 0.35 cm (shortest length that could be 
handled) and be incremented at increments of about 0.15 cm 
up to about 1.15 cm. nt the operating power level (100 
mw) , the attenuation can be measured accurately to about 
* 28dB. This attenuation value can serve as a guideline 

for the longest sample length that could be used to still 
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obtain a meaningful measurement. 

Working with a specific soil moisture content, the 
iterative process of measuring phase shifts and attenua- 
tion begins with placing small amounts of soil into the 
sample-holding waveguide section. The detector output 
is connected to channel 1 and channel 2 of a dual beam 
oscilloscope, the input polarity of channels 1 and 2 are 
to be of opposite polarities. The attenuator and the 
phase shifter are adjusted to give a null on the oscillo- 
scope. The null occurs when the waveforms of channels 1 
and 2 barely touch, any non-null values of phase shift 
and attenuation would cause the two waveforms to diverge. 
After the attenuation and phase shift values at the null 
are recorded for this sample length, the same process is 
repeated for another incremented sample length. These 
measurements of attenuation and phase shifts at different 
sample lengths constitute the attenuation and phase shift 
versus soil sample length curves for a particular soil 
moisture content value. Several of these curves over the 
0% soil moisture to the saturated soil moisture range are 
necessary to compute the complex dielectric constant of 
the soil. 
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The relative 
for the waveguide 
formulas [48]: 
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complex dielectric constant, k’-jk", 
method are computed by the following 


s' 
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(IV-2) 


(IV-3) 


where 6^ = 


2n 

X 


2ti 


a = 


e = 


o Wavelength in the free space 

A 

attenuation constant in neper = g , A 

is the slope of the attenuation curve plotted 
in db per meter and 8.686 is the conversion 
factor for nepers and decibels. 

B+8q, B is the slope of the phase shif^ curve 
in radian per meter. 


K 


c 


l-W 

cutoff wavelength of the waveguide [35] 


To facilitate the computation for the relative 
dielectric constants of the soil, a computer program was 
written [49] for such a calculation using the attenuation 
and phase shift measurements taken in the laboratory. The 
slopes of the attenuation and phase shift curves, A and B 
respectively, are determined with a least mean squared 
error technique subroutine. 
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Relative dielectric constant measurements as a 
function of soil moisture were made on the soils taken 
from five different locations withn this test field: 

Lj, Mj^, and R 2 respectively (Figure IV-9). The 
results of the relative complex dielectric constant mea- 
surements as a function of soil moisture of these five 
soil samples are shown compos itely (five sets of curves 
were generated) in Figure IV- ?0. As can be seen, the 
results of the five disjoint measurements results were 
nearly identical. This checks the point that the soils 
are of the same type as reported from soil analysis, and 
indicates that the relative dielectric constant of the 
soil of this project is accurately represented by the two 
composite curves the real part k’, and the imaginary part 
k". An estimate of the relative dielectric constant from 
the composite curves was made with a Statistical Analysis 
System (SAS) computer program which employed nonlinear 
regression techniques to generate best fitting curves for 
data supplied. This SAS best fitting result representing 
the relative dielectric constants of the soil of this 
project is shown in Figure IV- 11. 

Several parameters that might affect the accuracy 
of dielectric constant measurements were investigated [12). 
These parameters include the accuracy in sample thick- 
ness measurements, accuracy in attenuation and phase shift 
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Relative dielectric constant (at 10.5 GHz) 
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measurements, and the effect of compaction on the soil 
samples. Assuming the thickness of soil sample measure- 
ments could be measured to within 0.05 cm, and the 
accuracy of the phase shifter and attenuator are within 
t 1.5* and ± 1.5 dB respectively, the following values 
were determined for the accuracy of the real and imaginary 
parv of the relative dielectric constant. 

Real Part Accuracy = ± 1% (IV- 4) 

Imaginary Part Accuracy = ± II (IV- 5) 

To eliminate the effect of compaction, a device which 
provide constant and uniform compaction was used [49]. 

The compaction force generated by this device gave the 
soil a compaction simular to most natural soil compaction. 
This device was; applicable to relatively dry soil samples. 
For wet clay samples, the clay was packed to a degree 
that resembles the natural wet clay. 


Measurements with Giarola's Modified 
Waveguide Method 

As a check of the dielectric constant measurements 
obtained with Wiebe's waveguide system at the Remote 
Sensing Center, the same soils measi; cd at the same 
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frequency (10.5 GHz) were tested with Giarola’s modified 
waveguide method at the Hlectrical Engineering Department, 
Texas A§M University. A block diagram of the system used 
is as illustrated in Figure IV-12 [47]. The modification 
made to Wiebe's system was the addition of the loop 1 
which helped to reduce reflections occurring at the first 
interface of air and dielectric, and also additional 
ittenuators in the upper arm of loop 2 allowed for cali- 
bration purposes. 

The results of measurements of dielectric constant 
on soils at different locations are shown in Figure IV- 13. 
A comparison between this measurement result vvith the 
SAS fitted RSC- system result indicated two things. First, 
it shows that there is good agreement between the results 
made with two slightly different systems. Secondly, the 
comparison suggests that for the present sy‘*-tem setups, 
the effect of reflection is not significant. (A technique 
for handling clay and for reducing the possible reflec- 
tion effect of clay is discussed in Appendix B). 

After many extensive measurements on both Giaroia's 
system and Wiebe's system, it was concluded that both 
systems were essentially the same. The additional attenu- 
ators for the calibration of the empty sample-holding 
waveguide section is not necessary because the dielectric 
constants are obtained in terms only of the slopes of the 
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CHAPTER V I 

RESULTS AND ANALYSIS ! 

Introduction 

Remote sensing of soil moisture by passive microwave i 

radiometry cannot be perfected until the effects of a few 
important parameters which possibly affect the emission 
process are determined. Two of these parameters appear to 
be particularly influential, yet their effects have not 
been well documented or clearly understood; they are the 
surface roughness and vegetation coverage of the natural 
terrain. This chapter presents the results and analysis 
of the effects of these two parameters on the data obtained 
in the ground based experiment program discussed in 
Chapter IV. The objective of the analysis is to determine 
the potential of passive microwave radiometer as a remote 
sensor for soil moisture detection. Results calculated 
from Sibley's theoretical models for the bare smooth 
surface case and uniformly vegetated smooth surface case 
are compared with the empirical results. Recent soil 
moisture detection experimental results by other investi- 
gators are also presented for comparison. 
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Experimental Results and Analysis 

Before presenting the experimental results, a few 
comments are helpful in following the analysis of the 
experimental data. The first concerns the soil moisture 
information obtained in the experiment program. This 
is very important information because the ultimate 
objective is to correlate the field soil moisture with 
the apparent temperature measured. A tabulation of the 
soil moisture information is given in Appendix A, 

Table A-1. From the study of these data it was found 
that the range of surface moisture contents observed 
was quite variable from almost 0.0| to 40.0%. The 
subsurface moisture content was more uniform, ranging 
from 5.0% to 35%. Histograms showing the distribution 
of the 0-2 centimeters average soil moisture and 0-18 
centimeter average soil moisture (of all three fields 
for the entire experiment) are shown in Figure V-1. 

As it is customary in other investigations to 
choose a "most representative" soil thickness to relate 
the microwave signal to water content, the 0-2 cm. 
average soil moisture and 0-18 cm. average soil moisture 
are used for the following data analysis. However, it 
was felt that such a "representative" thickness is too 
arbitrary and most likely inaccurate, the approach of 
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using a "skin depth" thickness o£ soil and the concept cf 
"equivalent soil moisture" at skin depth [50] was also 
used. 

The skin depth is conventionally defined as that 
depth at which the electric field is attenuated by a 
factor of 1/e. The "equivalent soil moisture" is defined 
as that soil moisture content that would, if constant with 
soil depth, produce the same skin depth as the actual 
soil moisture profile of the soil. The "equivalent soil 
moisture" at the skin depth is also used as a soil 
moisture parameter in the correlation of the apparent 
temperature with soil moisture in the following data 
analysis. 

A discussion on the determination of skin depth and 
the corresponding "equivalent soil moisture content" is 
given in Appendix C. The skin depths and "equivalent 
soil moistures" for X- and L-band for the three surfaces 
are shown in Figures A-1 through A-6. 

The second comment concerns the precise knowledge 
of the radiometer null-to-null ground coverage for the 
acquisition of apparent temperature at different angles. 
This knowledge helps to pinpoint the exact area at which 
the radiometer is sensing, therefore provides a better 
correlation between the apparent temperature and soil 
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moisture content at that particular observation angle. 

X- and L-band radiometric measurements were obtained at 
both vertical and horizontal polarization for observation 
angles from 0® to 50", generally in 10" increments. An 
illustration of the scaled beam footprints at these ob- 
servation angles with respect to the scaled field size 
is shown in Figure V-2. A listing of all the soil 
moisture data at various angles within the antenna beam 
footprints for the three surfaces on all measurement dates 
are given in Appendix A, Table A-2. These soil moisture 
data are inferred from the soil moisture contour maps 
which are constructed from the soil moisture data of 
Table A-1. The corresponding radiometric apparent tem- 
perature data are g'.ven in Appendix A, Table A-3. 

Finally, to facilitate the interpretation and 
analysis of the data the following legend is adopted 
throughout the data analysis (pages 87 and 88) : 
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Rough surface. 

Bare, July 24, 1973. 

Smooth and medium 
rough surfaces. 

• Bare, July 26, 1973. 

Three surfaces. 

• Bare, July 30, 1973. Five 

days after irrigation. 
Three surfaces. 


o 

5"*oats , 

September 25, 1973. 

4 



Three surfaces. 
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0 

10" oats. 

October 30, 1973. 




Smooth and medium 

f 

- 


rough surfaces. 


o 

11" oats. 

October "0, 1973 

1 

. 


Rough surface. 

1 

a 

11" oats. 

November 9, 1973. 
Smooth surface nine 
days after irrigation. 

1 

j a 

13" oats. 

November 8, 1973. 

I 

{ 


Medium rough surface 

i 

i 
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eight days after 
irrigation. 

1 

i “ 

14" oats. 

November 8, 1973. 

i 

4 


Rough surface eight 
days after irrigation. 



I * This length is not the actual length of the plant but 

I the mean height of the plant from the ground. 
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Inscription Representation 

□ 12" oats, February 12, 1974. 

Smooth surface. 

□ 14" oats, February 13, 1974. 

Medium rough surface. 

□ 14" oats, February 13, 1974. 

Rough surface. 
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Smooth surface. 

Medium rough surface. 

Rough surface. 

L-band (1. 41356GHz, 
wavelength“21 . 1339cm) . 

X-band (10. 69GHz ,wave- 
length»2 . 81cm) . 

Vertical polarization. 

Horizontal polariza- 
tion. 

Slope of the line 
(degree Kelvin/percent 
soil moisture) . 


Effects of Surface Roughness 


The effects of surface roughness on the capability 
of the passive microwave radiometer to detect soil 
moisture was studied. Bare field condition exists for 
the July 23, vluly 24, July 26, and July 30, 1973 measure- 
ments. The three fields (smooth surface, medium rough 
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surface, and rough surface) were irrigated in the 
manner on July 25, 1973. Generally the three sv. faces 
had very similar soil moisture conditions and thus a 
comparison of the apparent temperatures for the three 
different surface roughnesses is possible. 

Figures V-3 through V-11 are plots of the bare field 
apparent temperature measurements on the four dates. 
Apparent temperature is plotted for the various observation 
angles for X- and L-band and for the vertical and horizon- 
tal polarizations. The 0-2 centimeter average soil 
moisture contour maps are shown below the apparent 
temperature plots. The crosses on the soil moisture 
contour maps indicate the locations at which temperature 
data were taken. The dependence on polarization is clear- 
ly illustrated. The vertical polarization temperatures 
are higher than those of the horizont.il polarization. On 
the whole, it appears that temperatures measured are 
fairly independent of the observa*. ion angles, but are 
dependent on soil moisture variations. 

From these measurement data, the data obtained at 
the 30® observation angle are chosen to investigate the 
surface roughness effects. This choice is quite arbitrary 
as it is seen that apparent temperature neasurements are 
fairly independent of the observation angles. 
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Figure V-3 . Apparent Temperature for Smooth 
Field on July 24, 1973. 
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Figure V-4. Apparent Temperature for the 
Smooth Field on July 26,1973. 
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Figure V-6. Apparent Temperature for the 

Medium Rough Field on July 24, 1973. 
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Figure V-9. Apparent Temperature for the 
Rough Field on July 23, 1973. 
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Figure V-10* Apparent Temperature for the 
Rough Field on July 26, 1973. 
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Figures V-12 through V-23 are plots of apparent 
temperatures of the three surfaces versus soil moisturt 
content. These plots are shown for both X- and L-band 
frequencies at vertical and horizontal polarizations. 

The 0-2 cm average soil moistures and 0-18 cm average 
soil moistures are used to correlate with the apparent 
temperatures. The parameter of equivalent soil moisture 
at the conventionally defined skin depth is also used to 
correlate with the apparent temperature, but the apparent 

temperature used is that of the average of the apparent 

\ 

temperatures of the various obsl^rvation angles. The 
equivalent soil moisture represents the effective soil 
moisture condition of the field On the particular day. 

Its accuracy was computed to be within minus seven- 
percent and plus five-percent for any particular day and 
field. Studying the correlations of these three soil 
moisture parameters with apparent temperature, an 
attempt was made to determine an optimal soil moisture 
parameter. 

Examining the L-band results (Figures V-12 through 
V-16) and X-band results (Figures V-17 through V-19) , 
several observations can be made of the effects of 


surface roughness, regardless of the measurement 
frequencies. The data seem to indicate that for wet soil 
there is a monotonic increase in apparent temperature as 
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Figure V-l6. Apparent Temperature versus 
Soil Moisture Content, Bare 
Condition. 
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surface roughness increases. This phenomenon is due to 
the fact that as the surface roughness increases, the 
surface area available for emission also increases. 

However, it is interesting to note that for the lower mois- 
ture range, the apparent temperatures for the very rough 
surface fall below those of the medium rough field for the 
L-band measurements and fall below those of the smooth 
surface for the X-band measurements. But the behavior 
of the available rough surface data suggest that as the 
moisture content increases, the apparent temperatures 
would exceed those of the medium rough field. 

Another observation that can be made about the 
roughness effects is its effect on polarizations, this 
effect can be readily seen from Figures V-12, V-13, V-15, 
V-16, and V-17. It is shown that roughness has little 
effect on vertical polarization measurements; whereas 
at horizontal polarization the effects of roughness are 
readily apparent. This effect is particularly pronounced 
for the X-band measurements of the smooth surface on July 
24th and July 30th, Figures V-17. For these two dates, 
the 2 cm. soil moisture average is essentially the same 
despite the fact that the field was irrigated on July 25. 
Assuming that the irrigation process (a sprinkling 
process) caused the field to appear smoother than it 
was on July 23, the data indicate that horizontal polar- 
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ization is affected by surface roughnes*’ to a much greater 
extent than vertical polarization. 

The sensitivities (degree Kelvin/percent soil mois- 
ture) of all the measurement results are calculated and 
are indicated within the parenthesis on the figures. 
Examining these data, it is noted that the response to 
soil moisture decreases as the surface gets rougher. This 
pattern of behavior is apparently independent of the 
observation angles, as indicated on Figures V-20, V-21, 
V-12, V-13, V-22, and V-23. It should be noted that 
sensitivities stay essentially the same at all observation 
angles. While the horizontal polarization is more 
sensitive to surface roughness than the vertical polariza- 
tion, it is also more sensitive to soil moisture variations 
than the vertical polarization for both L-band and X-band 
and for all three surface roughnesses. There are good 
sensitivities for the smooth surface and medium rough 
surface measurements at both L-band and X-band. However, 
the available data suggest that the sensitivity almost 
disappears for the very rough surface of this experiment 
(the roughness characteristics are given in Table IV-1). 

Comparing the L-band and X-band measurements, a choice 
for the more optimal frequency for soil moisture detection 
is obvious. It can be seen that the L-band is more 
sensitive to soil moisture variations than the X-band for 
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all surface types. This is another effect of surface 
roughness, as roughness is not an absolute measure, 
but a relative measure expressed in wavelength units. 

For surface roughness much less than a wavelength, the 
surface appears smooth, while for surface roughness on 
the order of a wavelength or more, the surface appears 
rough [17], For the field surfaces of this experiment 
(roughness characteristics shown on Table IV-1), the 
surfaces appear rougher to the X-band (wavelength X * 2.82 
i cm) than they are to the L-band (wavelength X = 21.2cm). 

' It therefore is not a surprising observation that the 

X-band measurements are less sensitive in detecting soil 
moisture than L-band, since it was observed that sensitiv- 
ity decreases as roughness increases. 

After studying the correlation of apparent 
temperature with the three soil moisture parameters 
(0-2 cm average soil moisture, 0-18 cm average soil 
t moisture, and equivalent soil moisture ai conventionally 

defined skin depth) several observations can be made. 

For the X-band the 0-2 cm average soil moisture and the 
equivalent soil moisture parameters give better correlation 
than the 0-18 cm average soil moisture parameter. The 
correlation is reasonably good for the 0-2 cm average 
soil moisture parameter and particularly good for the 
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equivalent soil moisture parameter. It therefore appears 
that for X-band, the equivalent soil moisture at skin 
depth would be a valid and perhaps the optimal soil 
moisture parameter. 

For L-band, the case is a little different. For 
the medium rough and rough surfaces, the equivalent soil 
moisture parameter gives better correlation with apparent 
temperature than the 0-2 cm average and 0-18 cm average 
soil moisture parameters. It appears that the equivalent 
soil moisture parameter is again the optimal soil moisture 
parameter to use for the medium rough and rough surfaces. 
However, its validity for the smooth surface case is 
questionable. Examining the data, the apparent temperature 
of the smooth field for July 24 and July 30 plotted as a 
function of average soil moisture in the 0-2 cm depth 
fall very close together. However, plotted as a function 
of equivalent soil moisture, they spread apart. It 
is difficult to draw conclusions as to the validity of 
the equivalent soil moisture parameter for the smooth 
surface case from this observation, since there are only 
two data points in this soil moisture range available 
for comparison. 

From these measurement results it is clearly 
indicated that surface roughness has a definite effect 









116 


I 



i 







on the radiometric apparent temperature measurements for 
soil moisture on various rough surfaces. It has also 
demonstrated that there is a definite correlation between 
the apparent temperature of the soil and the soil moisture 
content. Based on the correlations with equivalent soil 
moisture as the optimal soil moisture parameter, the 
following sensitivity values are observed: for the J -band, 

sensitivities of vertical polarization measurements are 
3.75, 2.45, and 0.5 degree Keivin/percent soil moisture 
for the smooth, medium rough, and rough surface respective- 
ly; likewise, sensitivities of horizontal measurements 
are 4.6, 3.25, and 0.99 degree Kelvin/percent soil 
moisture. For the X-band, the vertical polarization 
measurement sensitivities are 1.5, 1.37, and 0.15 degree 
Kelvin/percent soil moisture for the smooth, medium rough, 
and rough surface respectively; the horizontal polariza- 
tion measurements are 1.9, 1.66, and 0.18 respectively. 

Effects of Vegetation 

Effects of vegetation are observed from the results 
of the entire experiment program, from the period when 
the fields are bare and throughout the period when the 
fields are vegetated. Since the field roughness remained 
essentially the same throughout the entire experiment, 
any new effect observed after the fields were vegetated 
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would come primarily from the vegetation. 

Oats were sowed on the three fields on September 3, 
1973. The vegetation characteristics necessary for the 
evaluation of Sibley's model [27] were noted on each 
radiometric measurement. This information is provided 
on Table V-1. From this table it can be seen that the 
oats of this experiment exhibited roughly three stages 
of growth. It was a very young vegetation in September, 
1973; it b.?came full grown and healthy throughout October 
and November, then it exhibited retrogradation in 
growth by February, 1974. 

An unusual behavior in the polarization dependency 
of apparent temperature was noted when studying the mea- 
surement data. The phenomena observed are the change in 
dependence on polarization and the lack of dependence on 
polarization. These observations are noted on October 
30, 1973 for the smooth surface and medium rough surface, 
on October 30 and November 8, 1973 for the rough surface. 
They are a' shown on Figures V-24 through V-27. Notice 
that this change in dependence on polarization seems to 
occur only for the X-band measurements. The horizontal 
polarization data are consistently higher than the vertical 
polarization data. There Is also a lack of dependence 
on polarization for these X-band measurements, this 
behavior is particularly apparent on November 8, 1973 for 
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Figure V-26. Apparent Temperature for the 
Medium Rough Field on 
September 25, 1973. 
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Figure V-27. Apparent Temperature for the 

Rough Field on November 8, 1973. 1 
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the rough field (Figure V-27). These are some observat- 
ions made for the vegetated fields, at the present the 
available theoretical models are still inadequate to 
explain such phenomena. 

Effects of vegetations are investigated from Figures 
V-28 through Figure V-41. Although the 0-2 \ average 

and 0-18 cm average soil moisture parameters are used in 
the analysis study, the observations presented below will 
primarily be pertaining to those shown for the equivalent 
soil moisture parameter. This is because the equivalent 
soil moisture parameter appears to be the optimal soil 
moisture parameter to be used from the bare field 
roughness effects analysis. 

The vegetation measurement data and the comparisons 
between the vegetated measurements and bare field 
measurements are very encouraging. They tend to support 
Sibley’s model [27] which predicts that the vegetation 
is essentially an attenuator at low vegetation density and 
a predominant emitter at high vegetation density. As an 
attenuator, the vegetation lowers the apparent temperature 
measurement; as a predominant emitter, it contributes and 
raises the apparent temperature. 

Figures V-30, V-32, and V-34 illustrate the effects 
of vegetation at L-band for the three surfaces. It is 
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Figure V-28. 
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Figure V-30. Apparent Temperature versus 
Soil Moisture Content, Bare 
and Vegetated Measurements. 


Apparent temperature (®K) 



0-2cm average soil moisture(%) 

I'igurc V-51. Apparent Temperature versus 
Soil Moisture Content, Bar 
and Vegetated Measurements. 
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Figure V-33. Apparent Temperature versus 
Soil Moisture Content, Bare 
and Vegetated Measurements. 
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I'igure V-34. Apparent Temperature versus 
Soil Moisture Content, Bare 
and Vegetated Measurements. 
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Figure V-37. Apparent Temperature versus 
Soil Mc'sture Content, Bare 
Veg< cated Measurements. 
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Figure V-38. Apparent Temperature versus 
Soil Moisture Content, Bare 
and Vegetated Measurements. 





o£ the apparent temperatures 


13S 



0 10 20 30 40 


I Equivalent soil moisture (I) 

i 

[ Figure V-39. Apparent Temperature versus 
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* and Vegetated Measurements. 
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Figure V-40. Apparent Temperature versus 
Soil Moisture Content, Bare 
and Vegetated Measurements. 
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Figure V-41. Apparent Temperature versus 
Soil Moisture Content, Bare 
and Vegetated Measurements. 
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obvious that for the vegetation conditions of this 
experiment, the vegetation generally exhibits an attenuat- 
ing effect such that the apparent temperature of the 
vegetated fields is significantly lower than the bare 
fields at the same moisture content. The degree of 
vegetation effects on the detection of soil moisture 
varies with the surface roughness. The smooth surface 
is least affected by vegetation while the medium rough 
surface and the rough surface are affected to a greater 
degree. As the vegetation density increases, Sibley's 
model predicts that emission from the vegetation becomes 
more predominant, though the vegetation still attenuates. 
This prediction appears to be verified from the October 
30, 1973 data indicated on Figures V-30. On October 30, 
the oats were at its maximum growth and healthiest condi- 
tion. Therefore the effect of the emission from oats 
vegetation is the gieatest on this date and this is 
indicated as such on Figure V-30. For the smooth surface 
on October 30, the vegetation apparent temperature 
measurement is shown to be about the same as the bare 
field measurement for that particular soil moisture. 

This seems to suggest that on that day, the contributing 
emission from the oats "equalizes" its attenuation 
effect. For the medium rough surface, the effect of 
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vegetation is mainly that of attenuation; however, the 
effect of contributing emission from the vegetation is 
observable. Based on this line of reasoning, the data 
point of October 30, 1973 on the rough field is an 
uncertainty. It is shown that the opposite is true 
for the rough field on October 30, the data suggest that 
the attenuation effect of the oats is the predominant 
effect on that date. Again, a conclusion cannot be 
drawn for the rough surface from such a limited amount 
of data. 

The underlying effect of surface roughness is also 
indicated on the vegetation measurements. The data show 
a trend toward a monotonic increase of apparent 
temperature with increasing surface roughness. Also, 
the response to soil moisture variations decreases with 
increasing surface roughness. The vegetation effect 
on sensitivities at both polarizations of the three 
surfaces are only slightly affected relative to their 
sensitivities at bare conditions. These data indicate 
that the L-band is a promising frequency to u"s for 
soil moisture detection. 

For the X-band, the analysis was made primarily 
from Figures V-37, V-39, and V-41. Overlaying these 
three figures, an interesting result is revealed. It 
can be seen that the sensitivities at both vertical and 
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horizontal polarizations of the three vegetated surfaces 
are essentially the same; practically no response to 
soil moisture variations. It is also noted that the 
data of the three different roughnesses are falling in 
the same general vicinity. These two observations 
suggest that for X-band, the oats vegetation had completely 
masked the soil contribution, regardless of surface 
roughness. The apparent temperatures measured are merely 
those of the oats. 

Although the amount of data available is limited, 
the effects of vegetation are apparent. It appears that 
the L-band passive microwave radiometer has high potential 
for remote sensing of soil moisture of natural bare or 
vegetated terrains. However, the data suggest that the 
X-band passive microwave radiometer is only capable of 
detecting soil moisture for some bare terrains. 


Theoretical Predictions 


Theoretical predictions were computed from Sibley's 
model. Equation (III-18) 
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and were made only on the smooth surface case for the 
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bare and vegetated conditions. An evaluation on the 
validity of Sibley's smooth surface model for bare or 
uniformly vegetated terrain is attempted through the 
comparison of the theoretical predictions with the 
experimental results. Theoretical predictions will 
not be made for the medium rough and rough surface 
cases based on Sibley's rough surface model. It is 
felt that Sibley's rough surface model (Equation II I- 19) 
which is derived from Johnson's model [10] is still 
inadequate to actually be applied to the very complicated 
real world rough surfaces. For example the joint 
probability density fg^ (9^^, ij)^) or the distribution of 
normals in (III-19), a necessary quantity to evaluate 
the rough surface model (I I I- 19), is an extremely 
difficult quantity to obtain in the real world. 

Comparisons of the theoretical predictions and 
experimental results are presented on Figures V-42 
through V-47. The analysis employs to the equivalent 
soil moisture data (Figures V-42, V-43, and V-44). 

Analyzing first the bare field condition, it is 
noted that the theoretical predictions for botn L- and 
X-bands are significantly lower than the experimental 
results. Studying the model, it appears that the 
discrepancies could have resulted from three factors. 

They are namely the emissivity of the soil, the 


I 


.L 






T 


T 




i 


. .. i 








■ ■■ J II UMJl J iH- 













et . al . [51] on certain clays. 

Apparent temperature predictions computed for the 
X-band using Wiebe's Miller Clay dielectric constant 
values are shown in Figure V-45. It was observed that 
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Figure V-44. A Comparison of Miller Clay 
Relative Dielectric Constant 
Measurement Results. 
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the predictions computed from Wiebe's dielectric 
constant data compare to the experimental results better 
than the predictions based on the dielectric constant 
values obtained in this experiment. Further investigations 
on soil dielectric constant measurements are still 
necessary. 

For the bare field comparison, it is also noted 
that the L-band theoretical results and X-band 
theoretical results are almost identical, which is 
definitely not the case for all the experimental data 
shown. This could possibly be explained by two key 
parameters of the bare smooth surface model ”>ed. The 
first possible explanation concerns the value of 
eraissivity that should be used. As emissivity is a 
function of surface configuration, polarization, and angle, 
it might not be valid to assume the customarily used 
and reasonable value for emissivity (between O.S to 
1.0 [11], [13]) in the computation for the apparent 
temperature (a value of 0.98 was used for the emissivity 
in the theoretical predictions). The other possible 
explanation concerns the behavior of dielectric constant 
of soil with regard to variation in frequency. The 
dielectric constant measurements nade at 10 GHz are 
also used for L-band theoretical predictions. As the 
transmission coefficient which is a function of dielectric 
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Figure V-46. Apparent Temperature versus 
Soil Mois.ure Content for 
Bare and Vegetated Conditions: 
Theoretical Predictions. 
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constant, is the only variable in the model, naturally 
the L-band and X-band apparent temperature computed 
would be the same. 


Despite me discrepancy in magnitude, the sensiti- 
vities of the theoretical predictions for both L- and 
X-band compare quite favorably with the experimental 
results . 

To conclude for the bare smooth surface case, the 
uncertainty ot the actual value of the soil- dielectric., 
constants has affected the comparison between the theo- 
retical prediction and the experimental results. 

Comparisons of theoretical prediction and experi- 
mental measurements in the vegetated case show some 
encouraging observations in regard to Sibley's uniform 
vegetation model for smooth surface. Despite the discre- 
pancy in magnitude, which is inherent from results of the 
bare smooth surface model, the predictions for the vege- 
tated case of both frequencies agree reasonably well with 
the behavior experimental measurements. The attenuating 
and contributing effects of the vegetation apparent temper- 
ature measurements are clearly indicated. A significant 
observation is the prediction for October 30 for the L- 
band measurement, the model predicts exactly the same 
vegetation effect as that which happened in the experiment. 
The very close comparisons of the theoretical predictions 
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of the other dates with the respective experimental 
results support the validity of this prediction. 

For the X-band, though the theoretical predictions 
also compare well with the experimental results, the model 
shows a stronger contributing effect of the vegetation 
than indicated by the experimental results. Again, as 
shown by the experimental results for X-band, a complete 
masking of the soil by vegetation is predicted by the 
model. From these comparisons, it appears that the 
uniform vegetation model for smooth surface has given a 
reasonable prediction of the effects of vegetation on 
masking soil moisture dependency. 

Comparison with Recent Research Effort 

Many past investigations on remote sensing of soil 
moisture have shown that there is a definite relationship 
between the measured soil apparent temperature and soil 
moisture content. The results ob .ed from this ground- 
based control experiment have again affirmed and supported 
such a relationship. A summary of the results of this 
experiment are shown pictorially on Figures V-48 , V-49 , 

V-51 , and V-S2. They are the results based on the 
equivalent soil moisture as the soil moisture parameter. 
Recent research effort such as those by Jean [13], Schmugge 
(11), and Kroll [14] are reviewed and their findings will 
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be compared with those of this experiment. 

Jean has investigated some airborne microwave 
radiometer measurements (taken at a 915 meter altitude) 
over selected flight lines near Weslaco, Texas. The fields 
over which the measurements were made were mostly barren 
and plowed. The surface roughness of these fields are 
estimated to be in between the roughness of the medium 
rough field and the rough field of this study. It was 
determined that the 1.42 GHz data were sufficiently 
correlated to moisture content data. His results are 
shown on Figure V-48. Each data point corresponds to 
each field. The agreement between Jean’s results and 
those of this study is strikingly good. If a least 
squares straight lines was fit to his data, the resulting 
sensitivity would very closely approximate that of the 
medium rough field. 

Another airborne passive microwave radiometer remote 
sensing of soil moisture was conducted by Schmugge, et. al . 
The measurements were made over some barren agricultural 
areas in the vicinity of Phoenix, Arizona. The radiometers 
covered the wavelength range 0.8 cm to 21 cm (37.5 GHz to 
1.4 GHz). Schmugge' s results are compared with this 
ground based results on Figures V-48, V-49, and V-50. The 
soil moisture parameter he used was the 0-15 cm average 
so i 1 moisture. Schmugge's results compare favorably with 
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Figure V-48. A Comparison of Results of 1.42GHz 
Radiometer , Bare Condition. 
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Apparent Temperature results o£ 
the 37.5 GHz Radiometer, Bare 
Fields, Phoenix, Arizona [11]. 




4 


the results of this study. The effects of roughness on 
various frequencies measurements are shown. It was noted 
[11] that the 10.6 GHz radiometer' was especially sensitive 
to the surface moisture. Those fields which had soil 
moisture above 16% were irrigated within one week prior 
to the flight and probably had soil moisture values 
greater than 10% in the top half cm of the soil. Once the 
moisture content in this layer drops below 10% the apparent 
temperature measurements showed poor sensitivity. On 
the other hand, the emission appears to be a linear func- 
tion of soil moisture over the range of 0 to 35% for the 
1.42 GHz measurements. For the 37.5 GHz measurements, the 
results indicate that measurements at this frequency is 
sensitive to surface moisture only, because the coldest 
measurements belong to the fields that had been irrigated 
three days before the flight and were flat. 

Kroll also has investigated some airborne 
passive microwave measurements on soil moisture. His 
data from Chickasha were chosen for comparison. The 
measurements were made at 1.4 GHz. The fields were mostly 
medium rough surface with vegetation coverage and were 
fairly dry (<20° moisture content). His results are shown 
and compared with the vegetated measurement results of 
this study on Figures V-51. The effects of vegetation 
and roughness are shown very pronouncely on his results. 
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Figure V-51. A Comparison of Results of the 1.42GHz 
Radiometer , Vegetated Condition. 
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Figure V-52. Results of the 10.6GHz Radiometer 
Vegetated Condition. 
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However, a conclusion concerning the comparison cannot be 
drawn because Kroll's data were made at soil moisture 
ranges that this study unfortunately did not cover. 

The measurement results of this study have identified 
and shown the effects of surface roughness and vegetation. 
The comparisons of this ground based experimental results 
with some recent airborne measurement results have 
demonstrated that airborne passive microwave radiometers 
have the potential to monitor soil moisture variations. 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 

This research study has presented the results of 
a series of controlled ground based passive microwave 
radiometric measurements on soil moisture. From the 
ground based experiment, certain effects of surface 
roughness :nd vegetation, which partly determine the 
capability oi nr.ssive microwave radiometer to detect 
soil m'^istuie, ;ere identified and studied. 

* Radiometric ^leasurements were made at 1.42 GHz and 

f 10.6 GHz from an altitude of about 50 feet and for angles 

r 'i 

- from 0® to 50®, generally in 10® increments. Measurement 

^ results have demojis trated that surface roughness and 

vegetation have definite effects on the r.icrowciv*^ emission 
process. Their effects are in some cases very influential 
and they play decisive roles in regard to the capability 
of the passive microwave radiometers to detect soil mois- 

m 

tore. 

Comparing the measurement results from the smooth, 
medium rough and rough bare surfaces, several effects of 
roughness wore readily identified. The data show that for 
the wetter soils, there was a monctonic increase in 

4 

1 



161 


apparent temperature as surface roughness increases, 
regardless of the measuring frequency. It vas also 
noted that sensitivity (degree Kelvin/percent soil 
moisture) changed with regard to surface roughness; 
the response to soil moisture variations decreases as 
the surface gets rougher. This phenomenon is apparently 
independent of the observation angles. For the rough 
field of this study, the X-band meo.surements showed no 
apparent sensitivity, while the L-band measurements 
still indicated a low sensitivity. It was clearly 
indicated from these data that the L-band radiometer 
is more applicable to detection soil moisture than the X- 
band radiometer. It was observed that the horizontal 
polarizati'" ' is more sensitive to surface roughness than 
U'C vertical polarization and it is also more sensitive 
to soil mrisiure variation than the vertical polarization 
foi both fvu'’uencies , and all "hree surfaces. 

In ccr' elating the apparent temperature with soil 
moisture content, three soil moisi.';.i parameters were 
investigated. They were the 0-2 cm avera:;o and 0-18 cm 
average soil moisture, and the equivalent soil mols’’’’.re 
at conventionally defined skin depth. It was found the 
the equivalent soil moisture parameter was the optimal 
soil parameter on the whole, in sense that it 
provided the best correlation het’ een apparent temperature 
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and soil moisture. 

Vegetation effects for the three surface roughnesses 
were observed from the entire measurement program 
data by comparing the results of the different vegetated 
conditions to the results of the bare condition. An 
undetermined abnormal behavior in the polarization 
dependency of apparent temperature for some X-band 
measurements among the data was observed. 

For the vegetation of this study (having a height of 
only about 0.4 meter at full growth), the vegetation 
behavtv' .'imari^y as an attenuator for the L-band 
measurement, and it exhibited a masking effect over the 
soil for the X-band measurements, regardless of surface 
rou‘’,hness. In another words, the X-band radiometer is 
incapable of soil moisture detection unde the ve,. i tated 
condition of this study. The L-band radiometer on the 
other hand, appears to be highly applicable. While the 
attenuating effect of vegetation lowered the apparent 
temperature magnitude, the sensitivities were hardly 
affected. The data also slow that the vegetation was an 
attenuator as well as a contributor to the soil emission, 
as predicted by Sibley. 

Theoretical predictions were made only for the 
smooth surface case and were computed from Sibley's 
apparent temperature model for bare and vegetated smooth 
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surface. The magnitude of the predictions were all 
significantly lower than the experimental results, 
though the sensitivities compare reasonably well. It 
was suspected that the values of the soil dielectric 
constant measured, an important parameter in the theo- 
retical model, were too high. 

The vegetation model has demonstrated to be a 
valid model, it predicted essentially the same vegetation 
effects as shown by .he experimental results. Good 
agreements were seen for the comparisons between the 
results of this study and the results of some recent 
research effort (all airborne) . 

The results of this conjunctive study effort have 
indicated that despite the existance of the vegetation 
and surface roughness effects, the application of the 
passive microwave radiometer for remote sensing of 
soil moisture of natural terrains has bright promises 
and high potential. Passive microwave radiometers in 
the lower frequency band are the more useful and capable 
radiometers for this purpose. 

Recommendations 

Based on the findings of this study it is recommend- 
ed that: 
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Soil dielectric constant measurement . Although 
careful attention was given to the dielectric constant 
measurement procedure, the repetitiveness of measurements, 
the sample handling, the homogeneity of soil, and the 
exJect of compression on soil, the absolute correctness 
of -he results obtained was still not established. This 
conclusion is based upon the comparisons between the theo- 
retical predictions with the experimental results. Future 
study on dielectric constant measurements should examine 
the effect of power reflection by the soil sample during 
the measurements. To insure that the correct dielectric 
constant values would be generated by the measurement sys- 
tem, the system should be initially calibrated by measur- 
ing a material of known dielectric constant which has 
been measured by other investigators in the country 
working this field. In addition to improvements on the 
measuring network, the relation of soil moisture to its 
dielectric constant with regard to the effect of frequency 
must also be investigated. 

Continuation of the groundbased experiment an d 
improvement of the data acquisition scheme . The 
importance of a groundbased experiment, while considering 
the effects of various parameters that determine the 
capability of the passive microwave radiometer to monitor 
soil moisture, is clearly recognized through the various 
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observations of this study, luturc research involving 
the remote sensing of soil moi.ture by passive microwave 
radiometers should be continued with ground based study 
efforts which adopt a revised data acquisition scheme as 
proposed in the following. The study of soil moisture 
profiles indicates that the drying stage of the soil, 
particularly that in the top 6 cm, is very dynamic. It 
was observed, for example, that it took only 30 hours 
for the soil in top 2 cm to completely dry. Since the 
passive microwave radiometric response to soil moisture 
comes primarily from the top soil layers, it is necessary 
to take frequent measurements throughout the drying 
process after irrigation. It is recommended that measure- 
ments be made initially at six hour intervals until the 
most dynamic stage o ' soil drying has been completed, then 
increased to longer intervals until the desired soil 
dryness is reached. 

Op timal soil moisture parameter . In correlating the 
radiometric apparent temperature with the soil moisture 
content, there is a need for a soil moisture parameter 
to which the radiometric temperature correlates optimally. 
It was determined from this study that the equWalent soil 
moisture at the conventionally defined skin depth was a 
reasonably satisfactory soil moisture parameier. However, 
future ro'^^^carch should investigate the possibility of a 
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more optimal soil moisture parameter at the soil depth 
where the electric field is attenuated by a factor other 
than e One approach to such a determination is by the 
trial and error method. This is done by plotting the 
apparent temperature data set against the various soil 
moisture data sets for different values of e , where x 
is any real number including 1.0. The e ^ value that 
gives the best correlation between apparent temperature 
and soil moisture would then be the most optimal soil 
moisture parameter. 

Improvement of theoretical models . There is a common 
deficiency shared by the existing apparent temperature 
models. This deficiency is that the models are considering 
only a single ray path of thermal emission. Future rc- 
seavch in theoretical modeling should work toward a model 
which would account tor integration of emission over the 
entire antenna illumination area and the range of angles 
actually viewed. This would require the incorporation of 
the antenna pattern in the model. In describing the 
emission problem, the intrinsic properties of the radiating 
medium, the dielectric constant and the thcrmometric 
temperature which vary with depth, have to bo considered, 
rhe work by Stogryn f.S2] and England ( .S3 1 are two rccom- 
iiHMuiod iiiOvk'liiig efforts that are working in this direction. 

In iri'.iting the omission problem of natural terrain.. 
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it is also suggested that the thermal emission should be 
dependent only on the intrinsic properties of the radiating 
medium and be ind»*pendent of the surface roughness charac- 
teristics. Roughness models should be developed indepen- 
dently and be treated only as an imposing factor on the 
thermal emission to cause its magnitude to vary with 
respect to the particular surface characteristics. 
Improvements regarding to the vegetation models, uniform 
vegetation case and row crops case, cannot be suggested 
at the present. These models still await further 
experimental observations and verifications. 
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APPENDIX A 

REDUCED SOIL MOISTURE AND 
RADIOMETRIC TEMPERATURE DATA 

This appendix contains tabulations of reduced soil 
moisture and apparent temperature data for the entire 
experiment, they are presented in Table A-1, Table A-2, 
abd Table A-3 respectively. Soil moisture profiles were 
constructed from the data of Table A-1 and are shown in 
figures A-1 through A-6. Skin depth and "equivalent soil 
moisture content" for both L- and X-band were calculated 
and are indicated on these soil moisture profiles. 
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Table A-1. A Listing of the Entire Soil Moisture 
and Ground The rmome trie Temperature 
Data of the Experiment. 
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Continuation of Table A-1. 

A Listing of the Entire Soil Moisture and 
Ground Thermometric Temperature Data of 
the Experiment. 
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0.5459 

16 



A3 

0 

29.34 

29.30 


62.8000 

2 




4 

29. 45 

28.67 


8 7.1000 

4 




6 

29.14 

29.65 


84.5000 

8 




16 

26.27 

25.17 

29.02 

0.54A6 

16 

T3jmY90$Kl'< OCP’H* 6.2^ 


B1 

0 

3.73 

5*86 


103. 6000 AT 

2C»* 


• t 


4 

22.20 

21.63 


100.5000 

4 




6 

22.96 

72.86 


94.9000 

8 




18 

27.65 

23.36 

1 7.89 

0.5517 

16 



62 

0 

6. 62 

5.66 


105,6000 

2 




4 

?l.or> 

21.63 


97.5000 

4 




4 

21.25 

22.66 


94,5000 

8 




16 

20,36 

23.36 

17.33 

0,5541 

IP 



63 

0 

4,62 

5.66 


110,0000 

2 




4 

20.71 

21.63 


104.5000 

4 




6 

21.54 

27.68 


94,0000 

8 




16 

72.22 

23.36 

17.28 

0,5554 

16 



BA 

0 

7,79 

5.86 


108.3000 

2 




4 

71,67 

21.63 


103.5000 

4 




A 

27.71 

77.66 


OA.-^OOO 

8 




16 

72.66 

73.36 

18.63 

0.5554 

16 



«3 

0 

4.57 

5.66 


110.0000 

2 




4 

27.U 

21.63 


102.0000 

4 


1 
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Continuation of Table A-1. 

A Listing of the Entire Soil Moisture and 
Ground Thermometric Ten^erature Data of 
the Experiment. 


h 

ts 

A1 0 
h 
6 

14 

0 

h 

in 

A3 0 
A 
6 
le 

AA 0 
A 

6 

lA 

A5 0 
A 
6 
lA 

?3$fATa5AM|N OPATH* 5*A6 » UOlCH Al 0 CM 
POSA»U,01 *13.05 % A 

6 
in 
ni 0 
A 
6 
lA 

A3 0 
A 
6 
lA 

AA 0 
A 
6 
lA 

A5 0 
A 

. A 

lA 

Al 0 
A 

. ► . ^ 

lA 

Aa 0 
A 
A 
lA 

A3 0 
A 
A 
18 

AA 0 
A 
A 
18 

A5 0 
A 


23.35 

22.88 


95.0000 

8 

2A.AI 

23.36 

18.62 

0.5S70 

16 

7. At 

5,ftA 


108.5000 

2 

IA.5A 

21.63 


9A.0000 

A 

20.72 

22. AA 


97.5000 

A 

22.AI 

22.16 

17,39 

0.55AI 

16 

9.53 

5.86 


106.5000 

2 

20. A9 

21.63 


103.5000 

A 

23.23 

22. AA 


97.0000 

8 

23.17 

23.36 

19.10 

0,5536 

16 

A.ll 

5.86 


IIO.OOOO 

2 

2?. 52 

21.63 


107.5000 

A 

23. <5 

22.88 


99.0000 

8 

2t.2A 

23.36 

18.A2 

0.5559 

16 

A. 23 

S.AA 


109.5000 

2 

23. A7 

21.61 


10A,5000 

A 

25.39 

22.88 


96.0000 

8 

2A.A9 

23.36 

20.10 

0.5581 

16 

A. 01 

5.86 


no.oooo 

2 

23. OA 

21.63 


106.5000 

A 

2A.21 

22.88 


96.5000 

8 

26.99 

23.36 

19,57 

0.5571 

16 

U.OA 

13.00 


95.8000 AT 

OCM 

22. 5A 

17.68 


92.3000 

2 

22.25 

17. 7A 


89.1000 

A 

22.93 

19. 7A 

20.19 

83,0000 

8 

17.03 

13.00 


86.7000 

0. 

22. A9 

17.68 


87.6000 

2 

22.21 

17. TA 


6A.7000 

A 

20.31 

19. TA 

20.51 

82.0000 

8 

17.07 

13.00 


90.0000 

0 

22.73 

17.68 


89.9000 

2 

23. A8 

IT.7A 


87.AOOO 

A 

21.67 

19. 7A 

21.2A 

82.5000 

8 

12.27 

13.00 


91.7000 

0 

16. AA 

17.68 


93.6000 

2 

15.36 

IT.7A 


88.9000 

A 

19. A9 

19. 7A 

15.90 

8A.8000 

8 

9.09 

13.00 


9 A. 9000 

0 

10.96 

17,68 


95.3000 

2 

12.75 

17. tA 


91,9000 

A 

17.22 

19. ?A 

12.50 

8A . AOOO 

8 

IA.16 

13.00 


92.8000 

0 

IA.A5 

ir.68 


88.6000 

2 

16.27 

17, TA 


A8.3000 

A 

20. 2A 

19. 7A 

16.78 

8A.6000 

8 

12. OA 

13.00 


100.5000 

0 

19.67 

17.68 


93.0000 

2 

17. 7A 

17. 7A 


91.7000 

A 

21.01 

19, 7A 

17,62 

86.1000 

8 

16.05 

13.00 


92.0000 

0 

20.37 

17.65 


89.6000 

2 

18. 9A 

17. 7A 


S8.5000 

A 

18.30 

19. 7A 

18.A1 

83.A000 

8 

10.17 

13.00 


9A.5000 

0 

13.58 

17.65 


95.3000 

2 

1A.78 

17.7A 


87.5000 

A 

19. AO 

19.7A 

14.AS 

AA.3000 

8 

9.07 

13.00 


100.0000 

0 

U.5A 

17*68 


99.0000 

1 


I 
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Continuation of Table A-1. 

A Listing of the Entire Soil Moisture and 
Ground ThemoMtric Temperature Data of 
the Experiment. 


ft 

u 

TVtrtt ««t|i| nt»TM* l.ft« , O.ftftCM ftl 0 CM 
rQ^N*24.ftT t ft 

6 

19 
9 } 0 

4 
6 
19 

n 0 

9 

9 

19 

99 9 

9 
9 
19 
99 0 

9 
9 
19 

«$K|N 9*9$ e 0«60CM 9Y 0 CM 

9«>SMm20.9^ «20.9) 9 9 

9 

19 

92 0 
9 
9 

19 

93 0 
9 
9 

19 
99 0 

9 
9 
19 
95 0 

9 
9 
19 

A1 0 
9 
9 
19 

*? 0 

9 
9 
19 
A3 0 
9 
9 

19 
A9 0 
9 
9 
19 
A5 0 
9 


13«90 

17.79 


99.2000 

6 

I9.QI 

19.79 

12.75 

95.9000 

a 

31. 3T 

30.95 


69.9000 At 

OCM 

?3.9? 

29.02 


67.6000 

2 

?t.99 

27.99 


66.9000 

9 

?9.ri 

22.99 

2 7.96 

66.6000 

9 


30.95 


65.9000 

0 

29.90 

29.02 


66. 2000 

2 

29.69 

27.99 


67,5000 

9 

22^96 

22.99 

2 9.19 

67,1000 

5 

29.79 

10.95 


66.3000 

0 

29,57 

26.02 


67.5000 

2 

29.91 

27*69 


66.9000 

9 

19.69 

22.99 

29.60 

66.6000 

6 

30.69 

30.55 


69.2000 

0 

27.03 

29.02 


66.5000 

2 

27.30 

27.99 


67.5000 

9 

23.39 

22.99 

27.09 

67.2000 

6 

30.79 

30.95 


69.5000 

0 

29.93 

29.02 


67.9000 

2 

29.«»3 

27.99 


67.0000 

9 

23.99 

22.99 

29.62 

66. 7000 

8 ' 

22.19 

20.99 


6^.9000 At 

OCM 

22.99 

21.61 


65.3000 

2 

21.92 

71.79 


65.9000 

9 

23.30 

29.09 

22.39 

66*5000 

9 

19.97 

20.99 


65,7000 

0 

21.09 

21.61 


65.7000 

2 

23.30 

21.79 


66,3000 

9 

29.39 

79.09 

22.19 

66.9000 

9 

19.95 

20.98 


69,2000 

0 

20.57 

71.61 


69.9000 

2 

21.97 

21.79 


65.3000 

9 

21.99 

29.09 

20.97 

66.5000 

9 

23.99 

20.99 


65.1000 

0 

^3.99 

21.61 


65.9000 

2 

22.59 

21.79 


66.2000 

9 

23.61 

29,09 

23.50 

66.9000 

9 

29.93 

20.99 


65.3000 

0 

23.70 

21.51 


65.9000 

2 

21.69 

21.79 


66.5000 

9 

23.19 

29.09 

23e25 

67.0000 

6 

20.52 

20.98 


69.2000 

0 

21.29 

21.61 


66.0000 

2 

21.91 

21.79 


66.9000 

9 

29.09 

29.09 

21.60 

67.3000 

9 

17.57 

20.99 


65.00O0 

0 

19.11 

21.61 


65.6000 

2 

20.99 

21.79 


66.9000 

4 

23.51 

29.09 

20.17 

67.3000 

6 

21.95 

20*96 


65.2000 

0 

22.29 

21.61 


65.9000 

2 

19.75 

21.79 


66.5000 

4 

23.56 

29.09 

21.76 

67.2000 

9 

15.92 

20.99 


65.5000 

0 

20.29 

21.61 


66.5000 

2 

29.03 

21.79 


67.0000 

4 

25.96 

29.09 

21.91 

69.1000 

6 

19.15 

20*99 


69.5000 

0 

21. 9T 

21.61 


65.5000 

2 
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Continuation of Table A-1. 

A Listing of the Entire Soil Moisture and 
Ground Thermometric Temperature Data of 
the Experiment. 


tt 

!*• r>FPTM»n.io • pi o tm 

FOS*«*lT,50 ♦ 5*40 t ^ 

m 

n? 0 

4 
6 
18 
83 0 

4 
6 

18 

64 0 
4 
6 

18 

65 0 

4 

(> 

18 

A| 0 
4 
6 
18 

4? 0 

4 
6 
IB 

A3 0 
4 
6 
18 

A4 0 
4 

4 

18 
AS 0 
4 
6 
16 


?l.?8 

21.79 


66,5000 

4 

28.35 

24.09 

22.56 

6 7,5000 

8 

n.5'1 

13.09 


107,1000 AT 

4CM 

17.17 

20.93 


105.7000 

8 

17.14 

20.36 


t0c'*.60(l0 

16 

21.30 

7?. 54 

16.80 

101.4000 

32 

8.54 

13.09 


107.9000 

4 

22.91 

20.93 


106.6000 

8 

23.79 

20.36 


103*5000 

16 

22.81 

22.58 

19.76 

101.9000 

32 

12.81 

13.09 


108.0000 

4 

22.28 

20.93 


106.7000 

S 

23*55 

20*36 


103.5000 

16 

23.01 

22.58 

20.34 

102.0000 

37 

12.70 

13.09 


107.7000 

4 

24.09 

20.93 


106.7000 

a 

24.07 

20.36 


103.3000 

16 

23.92 

22.58 

21.19 

101,9000 

32 

11.90 

13*09 


108.2000 

4 

24.48 

20.93 


102.4000 

8 

24.34 

20.36 


103,8000 

16 

25,90 

22.58 

22.15 

102.0000 

32 

ll.OB 

13.09 


107.3000 

4 

20.50 

20.93 


lOT.lOOO 

8 

21.26 

70,36 


104,0000 

16 

22.52 

72.50 

18.84 

102.2000 

32 

21.12 

13.09 


106.5000 

4 

19.22 

20.93 


105.6000 

8 

7.40 

20.36 


102,7000 

16 

23.75 

22.58 

17.87 

101.3000 

32 

11.05 

13.09 


107.5000 

4 

20.57 

20.93 


106.3000 

e 

20*80 

20.36 


102.9000 

16 

21.73 

22.58 

16.56 

101.5000 

32 

15.38 

13.09 


107.7000 

4 

70.21 

20.93 


106.7000 

8 

20.72 

20.36 


103.2000 

16 

21.31 

22.58 

19.41 

tOl.7000 

32 

14.06 

13*09 


107.7000 

4 

17.76 

20*93 


106,7000 

6 

16.57 

20.36 


103.5000 

16 

19.53 

22.58 

17.48 

101,7000 

32 


{ 


j 
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Continuation of Table A-1. 

A Listinji of the Entire Soil Moisture and 
Ground Thermometric Temperature Data of the 
Experiment. 


MfOlUM ROUSH SU>FRCF 


T3JUtV2*SK IN OFPTH-I2 .no . N.N6CN 
FONN- 8.88 . 3.86 t 


inCATtON 

Snii 

AVF 9 

AVE. At 

SOU 


06(»TH 

i^OlST.t 

DEPTH 

tOCATlON 

TFMP 


FI 

0 CH 

l.B? 

2.A2 


105.0000 

AT AC 


A 

5.A7 

5. AO 


0.5903 

8 


6 

7.97 

8.31 


O.B5A5 

16 


l« 

IB. n 

19. A2 

8.37 

0 5A65 

3? 

F? 

0 

?.50 

2.A2 


lOC-.BOOO 

A 


A 

5.2B 

5. AO 


0.5B79 

R 


6 

B.95 

8.31 


n.S536 

16 


16 

IP.76 

19.92 

R.77 

0.5AB6 

?2 

E3 

0 

2,5f» 

2.A2 


101.5000 

A 


A 

5.99 

5. AO 


9#*,‘»000 

B 


6 

7.9A 

R.31 


0.5BA7 

16 


l« 

19. BA 

19. A? 

9.01 

0.5AB0 

32 

FA 

0 

2.3B 

2.A2 


102,5000 

A 


A 

6.R2 

5. AO 


93.7000 

« 


6 

7.99 

R.31 


0.55AI 

16 


IB 

19.2? 

19. A2 

9.10 

0.5A72 

32 

F5 

0 

3.05 

2.A2 


105,2000 

A 


A 

A .70 

5. AO 


91.BO00 

fl 


h 

11.59 

B.31 


0.5527 

16 


IB 

19,10 

19. A? 

10.11 

0.5A75 

32 

FI 

0 

2.73 

2. A3 


106.0000 

A 


A 

5.30 

5. AO 


98.0000 

B 


6 

0.61 

B.31 


0.5521 

16 


IB 

16. R3 

19. A2 

8.62 

0.5A67 

32 

F2 

0 

2.27 

2.A2 


105.0000 

A 


A 

A.Ofl 

5, AO 


97.5000 

8 


6 

7.5A 

8.31 


0,5522 

16 


IB 

IR.52 

19. A? 

8,10 

0.5A75 

32 

n 

0 

1.99 

2. A? 


10A.50U0 

A 


A 

A. 02 

B.AO 


93.5000 

8 


6 

5.RR 

B.31 


0.B5OA 

16 


IB 

IH.RO 

19. A2 

7.67 

0.5A66 

32 

FA 

0 

2.21 

2.A2 


lOA.OOOO 

A 


A 

A. 73 

5. AO 


95.0000 

8 


6 

T.R8 

8.31 


0,5512 

16 


IB 

21.93 

19. A2 

9,19 

0.5A63 

32 

FS 

0 

2.55 

2.A2 


IU2.5000 

A 


A 

5.56 

5. AO 


92.7000 

8 


i 







181 


Continuation of Table A-1. 

A Listing of the Entire Soil Moisture and 
Ground The rmome trie Temperature Data of 
the Experiment. 




4 

7.75 

5.31 


0.5503 

16 



\n 

23.74 

14.42 

9.41 

0.5464 

32 

nmV26«HlN nFf»TH« 3 .76 * 

n 

0 CH 

23.21 

23.41 


40.500(1 A? 

2CM 

ros^«29.60 f 


4 

?f .04 

27.50 


45*5000 

4 



6 

26.42 

27.42 


91.6000 

5 



Ift 

24.2? 

23.46 

25.02 

0.5535 

16 


F2 

0 

25.44 

23.41 


100.0000 

2 



4 

25.64 

27.50 


44.5000 

4 



6 

?5.74 

27.42 


40.60(10 

5 



15 

23.65 

23.46 

25.15 

0.5i>20 

16 


FJ 

0 

23.01 

23.41 


47.5000 

2 



4 

27.53 

27.50 


43.6000 

4 



6 

27.70 

27.42 


40.0000 

5 



15 

20.44 

23.46 

24.05 

0.5502 

16 


CA 

0 

25*50 

23.41 


44.5000 

2 



4 

26.74 

27.50 


46.0000 

4 



4 

27.73 

27.42 


54.5500 

0 



15 

24.14 

23.46 

26.04 

0.5432 

16 


IS 

0 


23.41 


46.5000 

2 



4 

30.14 

27.50 


46.5500 

4 



6 

24.13 

27.42 


40.5000 

5 



15 

23.51 

23.46 

27.60 

0.5450 

16 


n 

G 

25.22 

23.41 


1 01. 0000 

2 



4 

25.36 

27.50 


4 7.5000 

4 



4 

26.25 

27.42 


92.5000 

5 



15 

22.06 

23.46 

24.73 

0.5502 

16 


F2 

0 

25.37 

23.91 


101.5500 

2 



4 

26.65 

27.50 


45.5500 

4 



6 

26*05 

27.42 


41,5000 

5 



15 

23.27 

23*46 

25.34 

0.5454 

16 


F3 

0 

25.24 

23.41 


45.5000 

2 



4 

27.43 

27.50 


95.5000 

4 



6 

24.3? 

27.42 


54.5000 

5 



16 

24.17 

23.46 

2 7.67 

0.5476 

16 


F4 

0 

16.01 

23.41 


44.2000 

2 



4 

26.35 

27.50 


47.0000 

4 



6 

24.75 

27.42 


42.0000 

8 



16 

24.14 

23,46 

23.32 

0.5472 

16 


F5 

0 

21.16 

23.41 


49.0000 

2 



4 

32.16 

27.50 


45.2000 

4 



6 

30.52 

27.42 


91.0000 

4 



16 

•66** 

23.46 

20.05 

0.5476 

16 

T^JUtVSOSKIN OEPTM* 9.44 • 

ri 

0 CM 

7.13 

6.32 


107.6000 AT 

2CM 

E0SN*17*3S flO.99 1 


4 

22.35 

20.03 


105.0000 

4 



6 

21 .04 

21.12 


43*5000 

6 

'* ■* 


16 

22.50 

22.25 

10.33 

O.f Wi5 

16 


12 

0 

5.44 

6.32 


107.1000 

2 



4 

20.02 

20.03 


102.5000 

4 



6 

21.35 

21.12 


43 .5000 

5 



15 

20.54 

22.25 

16.05 

0.5521 

16 


13 

0 

4.75 

6.32 


110.0000 

2 



4 

20.25 

20.03 


101.5000 

4 



6 

21.25 

21.12 


44.0000 

8 



16 

22*42 

22.25 

17.17 

0.5545 

16 


14 

0 

5.27 

6.32 


105.1000 

2 



4 

14.27 

20.03 


44*7000 

4 



6 

22.26 

21.12 


43.2000 

5 

“ * ■ 


16 

23.44 

22.25 

17.56 

0.5505 

16 


15 

0 

5.65 

6.32 


100*3000 

2 



4 

23.13 

20.03 


97.3000 

4 
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Continuation of Table A-1. 

A Listing of the Entire Soil Moisture and 
Ground The rmome trie Temperature Data of 
the Experiment. 


h 

1« 

FI 0 
4 
4 
IH 

F? 0 
4 
6 
lA 

F3 0 
4 
6 
lA 

F4 0 
4 
6 
]A 

F5 0 
4 
6 
tA 

T3SF0^25S«IN 6.22 • l.OSfM FI 0 CM 

F0AM»19.44 fl2.3A t 4 

6 

18 

F2 0 
4 
6 
lA 

FA 0 
4 
6 
lA 

F4 0 

4 

6 

!A 

F4 0 
4 
4 
lA 

FI 0 
4 
4 
lA 

f> 0 
4 
4 
lA 

F3 0 
4 
6 
lA 

F4 0 
4 
4 
lA 

F4 0 
4 


27.T9 

21.17 


9i.nnoo 

0 

27. A4 

72.75 

10*61 

0.5510 

16 

4.24 

6.32 


95,6000 

2 

19. OA 

70.83 


92.5000 

4 

20.41 

71. 1? 


87.0000 

H 

70.97 

72.25 

16.95 

0.54A? 

16 

A.B7 

4.32 


97.5000 

2 

19. 5A 

20.83 


9i,5000 

4 

19. Al 

2t«t? 


04.5000 

0 

20.73 

22.25 

17.12 

0.5400 

16 

5.12 

4.32 


103.0000 

2 

19.33 

20.03 


90.4000 

4 

20.26 

21.12 


95.0000 

0 

20.24 

22.75 

16.24 

0.*494 

16 

5.91 

6.32 


104.2000 

2 

20.90 

20.83 


107.5000 

4 

18.75 

21.12 


92.5000 

A 

72.98 

27.75 

17.14 

U.550A 

16 

A. 74 

4.32 


104.1000 

2 

23. 4A 

20. A3 


99.7000 

4 

73. OA 

21.12 


90. 5000 

0 

24.05 

22.25 

20*34 

0.550A 

16 

13.48 

17.35 


07.1000 07 

OCM 

19.A4 

17. -»9 


97.2000 

2 

19.91 

17.05 


A5.AOOO 

4 

20.79 

19.75 

18.3S 

01.5000 

A 

14.75 

17.35 


85.4000 

0 

71.40 

17.39 


85.3000 

2 

20.94 

17. A5 


82.9000 

4 

19.01 

19.75 

19*03 

00.7000 

0 

17.51 

17,35 


.OOOO 

0 

71.71 

17.39 


84.0000 

2 

27.67 

17.05 


83.5000 

4 

71.06 

19. 75 

70.74 

00.9000 

0 

A. 71 

17.35 


00.5000 

0 

14.35 

17.39 


05.4000 

2 

15.44 

17,85 


H4.2000 

4 

19.98 

19.75 

14.63 

01.1*000 

A 

7.73 

17.35 


90.6000 

0 

10.77 

17.^9 


91 .0000 

2 

11.A4 

17.A5 


07.5000 

4 

17.47 

19,75 

IUA2 

04.9000 

e 

17.10 

12.35 


97.7000 

0 

21.79 

17.79 


06.7UOO 

2 

20.12 

17.05 


83,9000 

4 

22.03 

19.75 

20*14 

AO. 4000 

A 

14.18 

17.35 


H9.4000 

0 

70.24 

17.39 


A8.4000 

2 

20.49 

17.A5 


A?. 9000 

4 

19. A4 

19.75 

10*69 

80.0000 

0 

ll.OI 

12.35 


H9.5000 

0 

17.94 

17.39 


07.7000 

2 

lA.OA 

17.05 


04.0000 

4 


19.75 

16*39 

00.5000 

0 

10.75 

12.35 


AR.3000 

0 

14.23 

17.39 


80.9000 

2 

14.14 

17.05 


03.7000 

4 

20.29 

19,75 

14,73 

01.9000 

A 

8.A2 

17.35 


09.5000 

0 

17.41 

17.39 


07.7000 

2 


1 


1 


i 


I 


i 


i 


I 
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4 

14,80 

17,83 


84,8000 

4 



18 

18.99 

19, rs 

13.81 

•1.0000 

8 

nncT,io$«t»i 3,31 , o.43rN 

M 

0 cn 

32.44 

32.38 


68,0000 AT 

OCM 

F0S>(*31.S4 .33.4* « 


4 

fl.30 

29.36 


67,2000 

2 



6 

31,30 

29.98 


66,4000 

4 



18 

24,48 

24,22 

30.43 

66.0000 

8 


€2 

0 

33,14 

32,38 


47.4000 

0 



4 

29,10 

26.56 


46.8000 

2 



4 

28.49 

29,98 


46,6000 

4 



18 

24.03 

24,22 

28.74 

66,3000 

8 


n 

0 

32.04 

32,38 


68,0000 

0 



4 

24.29 

29,36 


67, 7000 

2 



6 

26.00 

28,98 


67.T000 

4 



18 

21.37 

24,22 

26.48 

46,8000 

8 


F4 

0 

22.47 

92.38 


69.2000 

0 



4 

31.33 

29,36 


67.6000 

2 



6 

33,93 

29.98 


66,8000 

4 



18 

24,73 

24,22 

30,67 

66.3000 

6 

33N0V. SSRIN OF*Th« 3.«* • 0.32C1 

El 

0 c» 

26.60 

24.11 


75.5000 *T 

OCN 

EOS^«2?«67 •74.24 f 


4 

23.50 

22.91 


73.1000 

2 



6 

23.03 

23,24 


74.8000 

4 



18 

26.24 

23.13 

24.29 

73,7000 

8 


E2 

0 

27,03 

24,11 


75.3000 

0 



4 

25.61 

22.91 


73,1000 

2 



4 

24,44 

23.24 


74,6000 

4 



18 

22.81 

23.15 

24,98 

74,4000 

0 


E9 

0 

22,33 

24,11 


73.3000 

0 



4 

21,06 

22,91 


73.2000 

2 



6 

22.06 

23.24 


73,0000 

4 



18 

18,60 

23.13 

21.26 

74.2000 

8 


E4 

0 

23.8? 

24.11 


73,9000 

0 



4 

20,96 

F2.61 


73,7000 

2 



6 

20.83 

23.24 


73,5000 

4 



18 

21.48 

23.15 

21.77 

74,5000 

8 


F5 

0 

22.89 

24.11 


74.3000 

0 



4 

23.42 

22.91 


74,5000 

2 



4 

23.78 

29.24 


74,1000 

4 



18 

25.43 

23.13 

24,46 

73,8000 

8 

H'f*.l3«*I*- nf PTH. 13. 30 « O.PflCH 

n 

0 CM 

11.57 

11.72 


106.4000 AT 

4CM 

ro^*«»l7,50 . 5.^0 t 


4 

20.60 

20.33 


104.7000 

8 



4 

20.99 

20.66 


103.6000 

16 



18 

22,83 

21.96 

19,00 

102.2000 

32 


F2 

0 

15.30 

11.72 


104.4000 

4 



4 

22.98 

20.35 


104.0000 

8 



4 

23.41 

20.64 


103.5000 

16 



18 

22.33 

21.98 

21,11 

102.1000 

32 


E3 

0 

10.26 

11.72 


104.6000 

4 



4 

20.45 

20.35 


104.2000 

8 



6 

21.07 

20.64 


101.3000 

16 



18 

21.38 

21.98 

18,37 

102.1000 

32 


F4 

0 

10,44 

11.72 


104.3000 

4 



4 

20.02 

20,35 


104.2000 

8 



4 

21.25 

20,44 


103.3000 

16 



18 

22.36 

21,98 

18,57 

102.1000 

32 


F4 

0 

12.97 

11,72 


104,9000 

4 

1 


4 

21.93 

20.33 


104.4000 

8 



4 

22.83 

20.64 


109.3000 

16 



18 

23.38 

21.98 

20.33 

102,1000 

32 


FI 

0 

12.39 

11.72 


107,3000 

4 



4 

20,77 

20.33 

• 

106,6000 

8 
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#• 

21. TB 

20.^4 


1(11.6000 

16 


in 

?^.7f 

21. 9B 

19.70 

102.1000 

32 


r2 0 

iO.H7 

U.72 


107.4000 

4 



22.1? 

20.35 


106*8000 

B 


b 

IT.M 

20.64 


lO’.IOfiO 

16 



?0.30 

21.98 

17.7B 

10^.?0 10 

32 


n 0 

0.?5 

11.7? 


107.7000 

4 


% 

IB.14 

20.35 


106* TOOO 

8 


b 

14.37 

20.64 


107.7000 

16 


IB 

14.B6 

21. 9B 

U.71 

102,1000 

32 


0 

B.21 

11.7? 


107,1000 

4 


4 » 

17. 4B 

20.15 


106.6000 

B 


6 

IB*69 

20.64 


103,6000 

16 

* 

IB 

20.32 

21. 9B 

16.16 

102.2000 

32 


FS 0 

15.29 

11.72 


107.0000 

4 


4 

IB.BB 

20.15 


106.5000 

B 


b 

19. 2B 

20.64 


103.6000 

16 


IB 

22.59 

21. 9B 

19.00 

102.2000 

32 

KO'JftH SU«F*CE 









lOreTION 

SOU 

AVF 9 

AVF. 27 

Bon 



06PTH 

MOlS^.t 

02BTM 

LOCBTION 

TtMP 


TIJUtrjJStIN 0F»*H«10.4T . 

1.6BCM 01 

0 CM 

7.34 

9.64 


95.4000 4T 

2CM 

rosM«io.2t « 

8.78 B 

4 

7.97 

8.19 


94.9000 

4 



6 

12.M3 

11.42 


0.5450 

B 



IB 

U.B6 

13.54 

1 0.00 

0.5400 

it 


02 

0 

u.bt 

9.64 


94.1000 

Z 



4 

8,04 

B.19 


91.1000 

4 



6 

10.6B 

U.4? 


0.5450 

H 



IB 

11.76 

13.54 

10.51 

0.5500 

16 


03 

0 

10.32 

9.64 


95.6000 

2 



4 

10.15 

8.19 


9'. 5000 

4 



6 

10.16 

11*47 


0.5470 

8 



18 

14.63 

13.54 

11.32 

0.5510 

16 


04 

0 

12.41 

9.64 


9 ) .5000 

2 



4 

4.31 

8.19 


93. ’000 

4 



6 

in . 01 

11.42 


0.54 70 

8 



IB 

16.03 

11.54 

10.69 

0.55)0 

16 


05 

0 

11*91 

9.64 


93.1000 

2 



4 

H.5T 

8.19 


91* 7000 

4 



6 

9. 88 

11.42 


0.5490 

8 



IB 

14.43 

13.54 

11.20 

0.5530 

16 


C! 

0 

9.05 

9.64 


91.1000 

2 



4 

B.14 

8.19 


93.9000 

4 



6 

12*10 

11.42 


0.54C0 

8 

*• ‘ ' 


IB 

14.75 

13.54 

10.88 

0.5570 

16 


C2 

0 

7. 79 

C.64 


91.8000 

2 



4 

8.20 

8.19 


93.9OU0 

4 



6 

12.53 

11.42 


0*5450 

8 



IB 

14.81 

13.54 

10.83 

0*5520 

16 


Cl 

0 

8.20 

9,64 


90*6000 

2 



4 

B.81 

B.19 


91*2000 

4 



6 

13.09 

11.42 


0,5480 

8 



IB 

12.91 

13,54 

10.75 

0*5500 

16 


C4 

0 

8.67 

9.64 


90,5000 

2 



4 

8.61 

B.19 


92.9000 

4 



6 

11.75 

11.42 


0.5500 

8 



18 

12.30 

13.54 

10.34 

0.5510 

16 


ri 

0 

9.11 

9.64 


91.70.10 

2 



4 

9.13 

B.19 


93.0000 

4 






i 


i 
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6 

11.16 

11.62 


0.9670 

8 




19 

12.66 

13.96 

10.66 

0.9970 

16 


0(tTM« 4.R2 » 0.77W 

ni 

0 CM 

6.96 

15.90 


106.5000 67 

2CM 




6 

16.60 

22.66 


102.5000 

6 




6 

16. 6f 

23.26 


99.0000 

6 




16 

22.17 

23.96 

17.20 

0.9900 

16 



C2 

0 

9.26 

19.90 


109.0000 

2 




6 

16.16 

22.66 


103.0000 

6 




6 

16.96 

23.26 


96.5000 

8 




U 

20.69 

23.98 

17.01 

0.9530 

16 



01 

0 

9.28 

19.90 


107.6000 

2 




6 

20.11 

22.66 


100.0000 

6 




6 

20.11 

23.26 


99.5000 

8 




16 

21.11 

23.96 

17.69 

0.5900 

16 



06 

0 

16.79 

15.90 


99.5900 

2 




6 

22.06 

72.66 


99.5000 

6 




6 

23.93 

23.29 


99.9000 

6 




16 

23.60 

73.96 

20.96 

0.5912 

16 



09 

0 

9.29 

15.90 


107.9000 

2 




6 

23.17 

22.66 


116.0000 

6 




6 

29.79 

23.76 


99.9000 





16 

29.66 

23.96 

21.03 

0.9690 

16 



Ct 

0 

26.03 

19.90 


100.0000 

2 




6 

16.29 

22.66 


96.5000 

6 




6 

26.99 

23.26 


95.0000 

8 




16 

26.70 

23.98 

2 7.69 

0.5920 

16 



C2 

0 

16.66 

19.90 


101.5000 

2 




6 

22.66 

22.66 


100.9000 





6 

23.13 

23.26 


96.9000 

6 




19 

22.62 

23.98 

21.72 

0.9910 

16 



C3 

0 

26.27 

15.90 


99,9000 





6 

21.96 

22.66 


100.0000 

6 




6 

?1.<9 

2^.76 


95.6000 

8 1 




19 

29.06 

73.96 

26.18 

0.9530 

16 



C6 

0 

20.71 

15.90 


100.0000 

2 




6 

29.35 

22.66 


99.0000 

6 




6 

26.97 

23.26 


97.0000 

6 




16 

23.66 

23.96 

23.66 

0.9520 

16 



rs 

0 

17.69 

15.90 


100.0000 

2 




6 

79.76 

27.66 


95.5000 

6 




6 

25.79 

23.26 


96.0000 

8 




16 

26.99 

21.96 

23.76 

0.5515 

16 

73JtHV)OSKIN 

nmn* 6.10 f i 

ni 

0 CM 

6.39 

9.61 


63.0000 AT 

2CM 


F0$«8*l6.7l «10«61 % 


6 

17,36 

16.66 


61.9000 

6 




6 

70.92 

91.00 


82.0000 

8 




16 

21.70 

21.96 

16.99 

0.5666 

16 



02 

0 

6.63 

9.61 


67.0000 

2 




4 

17.99 

16.66 


62.9000 

6 




6 

l«.76 

91.00 


61.0000 

8 




18 

16.56 

21.86 

19.66 

0.5665 

16 



01 

0 

7,13 

9.61 


66.5000 

2 




6 

18.13 

16.66 


62.9000 

6 




6 

16.16 

91.00 


61.9000 

8 




16 

20.19 

21.66 

19.89 

0.9668 

16 



06 

0 

9.76 

9.61 


62.9000 

2 




6 

20.07 

16.66 


82.9000 

6 




6 

20.69 

91.00 


82.1000 

8 




16 

20.86 

21.66 

17.67 

0.5680 

16 



09 

0 

7.96 

9.61 


85.5000 

2 




6 

16.91 

16.66 


82.5000 

6 

J 


1 


i 


1 

i 
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1 

I 





A 

Cl 0 
H 

in 
C? 0 
s 
6 
in 
C3 n 

6 

16 

cn 0 

4 

6 

m 

C5 0 
4 
6 
16 

nsr6T26SKiN ornTHm f,,zh « i«02t^ oi o cm 

fOSMmin.n «12.62 « 4 

4 

16 

w n 

4 

4 

16 

fl^ 0 
4 
6 
16 
04 0 

4 
4 
16 

04 0 * 

4 
4 
16 
Cl 0 
4 
6 

f? 0 
4 
4 
IB 

C9 0 

4 

4 

16 
C4 0 
4 

4 

16 

rs 0 

4 


7?. 44 

51.00 


61,2000 

6 

76.3I 

21*66 

16.11 

0.5470 

14 

10.14 

0,61 


65,5000 

2 

20.74 

16.44 


64.I)UU0 

4 

24. T4 

51.00 


B7.5000 

6 

24.2T 

21.64 

10.40 

0.5470 

14 

10. 10 

0.61 


87.5000 

2 

20.27 

16.64 


60.0000 

4 

20.44 

51*00 


82.5000 

8 

22*24 

21*66 

16.31 

0.5476 

16 

10.10 

O.M 


66,0000 

2 

16.75 

16.44 


65.5000 

4 

10.17 

51.00 


83.5000 

6 

20.71 

21.66 

17,16 

0,5476 

16 

10.7? 

0.61 


84.7000 

2 

12.82 

16,64 


60,5000 

4 

24.05 

51.00 


87.5000 

6 

21.06 

21.64 

10.32 

0.5470 

14 

7.54 

0.41 


87.5000 

2 

22.31 

16.64 


82.5000 

4 

22.3® 

51.00 


60,5000 

8 

>4.66 

21.66 

10.23 

0,5445 

16 

11.52 

13.03 


70.0000 AT 

OCM 

12.75 

16,03 


76,5000 

2 

16.46 

16.50 


77.9000 

4 

24.46 

20.64 

16.60 

76,6000 

6 

12.5« 

13.03 


70.4000 

0 

12.4«> 

16.03 


76.5000 

2 

14.61 

16.50 


75.0000 

4 

21.14 

20.04 

15.74 

75.5000 

8 

11.6? 

13. 0> 


70.9000 

0 

n.oi 

16.03 


76.9000 

2 

14.9( 

16.50 


75,r,000 

4 

17.66 

20.64 

14*42 

70.0000 

6 

11.04 

13.03 


60.0000 

0 

13.54 

14.05 


76,4000 

2 

14.12 

16.50 


76,5000 

4 

10.46 

20.66 

14.76 

76.6000 

6 

l?.16 

15.05 


70. 7000 

0 

n.oo 

14.05 


76.9000 

2 

17.04 

18.50 


75.7000 

4 

10.55 

20,64 

15*06 

75.7000 

6 

12.76 

13.03 


60.7000 

0 

21.44 

14.03 


74.0000 

2 

22.50 

18,50 


75.4000 

4 

24.20 

20.64 

20.26 

75.5000 

6 

11.70 

13. U3 


60,7000 

0 

20.40 

16.03 


79,9000 

2 

20,41 

16.50 


79,2000 

4 

20.51 

20.66 

18.63 

76,9000 

6 

16.43 

13.03 


61,7000 

0 

10.75 

16.03 


79,0000 

2 

20.56 

18.50 


79.2000 

4 

10.84 

20*66 

10,10 

76.6000 

6 

12,66 

13.03 


79,9000 

0 

16.73 

16.03 


79,3000 

2 

20.47 

16.* ^ 


76,6000 

4 

10.07 

20.66 

16.01 

76.7000 

5 

11.51 

13.03 


62.2000 

0 

15.06 

16.03 


61.5000 

2 


j 


i 


i 



I 


1 






original 
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6 

7)'>cr.iostiiN orpvH* t.60 t o.m«« m o cm 

FP$M«27el% efSePO f 4 

6 

Iff 

07 0 
4 
6 
Iff 

03 0 
4 
4 

Iff 

04 0 
4 
6 
Iff 

03 0 

4 
6 
Iff 

Cl 0 
4 
6 
Iff 
C7 0 
4 
6 
Iff 
C3 0 

4 

4 

Iff 

C4 0 
4 
6 
Iff 
Cff 0 
4 
6 
18 

73NOV* ffSfftM OFffTH* 4.7ff • 0.47Cff Ot 0 CM 
F0ff«l*lff*54 elff.lff f 4 

4 
18 
Off 0 
4 
4 
Iff 

03 0 
4 
4 

Iff 

04 0 

4 
4 
Iff 
Off 0 
4 


Iff.ffff 

Iff. 39 


79.ff090 

4 

71.67 

70.44 

14.94 

79.3000 

4 

79.77 

77. )3 


48.4000 AT 

OCM 

79.46 

74.79 


44.1000 

7 

31.44 

74.60 


47.9000 

4 

77.07 

77.37 

74.03 

44.7000 

4 

79.77 

77.93 


47.3000 

0 

77.39 

74.79 


46.3000 

2 

7ff.ff3 

74.40 


43.4000 

4 

74.04 

77.57 

77.44 

44.1000 

4 

74.93 

77.93 


47.9000 

0 

74.43 

74.79 


44.8000 

7 

74.14 

74.60 


44.2000 

4 

77.03 

77.37 

24.43 

44.7000 

4 

74.41 

77.93 


47.8000 

0 

73.9ff 

74.79 


44.8000 

2 

74.33 

74.40 


43.7000 

4 

18.00 

27.37 

22.94 

44.9000 

4 

44.00 

27.93 


49.3000 

0 

30.64 

24.79 


67.9000 

2 

30.77 

74.40 


47.2000 

4 

30.34 

77.37 

24.74 

43. 3000 

4 

71. Off 

27.93 


48.7000 

0 

79.73 

74.79 


44.8000 

7 

77.44 

74.40 


i6, ''‘00 

4 

74.13 

77.37 

77.34 

*0 

4 

73.90 

27.93 


00 

0 

78.49 

74.79 


)00 

2 

74.39 

24.60 


^ /OOO 

4 

73.34 

77.37 

2 9.47 

WOO 

8 

73.41 

77.93 


47.8000 

0 

73.43 

74.79 


64.8000 

7 

77.49 

74.60 


44.2000 

4 

77.19 

77.37 

71.43 

49.3000 

4 

18.99 

77.93 


44.9000 

0 

73.44 

74.79 


44.1000 

2 

73.17 

74.60 


47.4000 

4 

73.79 

77.37 

73.9% 

46.0000 

4 

73.97 

27.93 


70.1000 

0 

31.78 

24.79 


48.3000 

2 

77.87 

74.60 


47.4000 

4 

77.44 

77.37 

24.44 

44.4000 

4 

74.77 

lff.7t 


77.4000 AT 

OCN 

74.98 

70.70 


77.0000 

7 

74.10 

72.71 


74.4000 

4 

74.91 

77.33 

29.09 

73.4000 

4 

14.81 

18.71 


80.1000 

0 

71.08 

70.70 


79.1000 

2 

71.37 

77.71 


74.9000 

4 

70.30 

77.33 

19.91 

74.4000 

4 

70.44 

14.71 


47.9000 

0 

19.81 

20.70 


80.3000 

7 

70.33 

27.71 


79.1000 

4 

77.47 

27.33 

70.41 

74.8000 

4 

19.49 

14.21 


40.3000 

0 

70.71 

20.70 


40.1000 

2 

71.04 

22.21 


74.3000 

4 

73.74 

72.39 

21.19 

77.0000 

4 

73.13 

14.71 


79.7000 

0 

77.17 

70.70 


77.8000 

7 
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Continuation of Table A-1. 

A Listing of the Entire Soil Moisture and 
Ground Thermometric Temperature Data of 
the Experiment. 


TAFM.nSKlN Or^TMmlO.iO t l.?0C»4 

rosH-is.so f 6*os f 



27.21 


76. M)00 

4 

2? .A) 

22.34 

22.71 

74.4000 

A 


14.21 


7H.7000 

0 


20. 70 


77.6000 

2 


22.21 


7 7.’0 10 

4 


22.35 


76.4000 

4 


14.21 


77.4000 

0 


20. 70 


77.3000 

2 


2^.21 


76.4000 

4 


27.35 


76.7000 

4 

12.0 

14.21 


79.4000 

0 

16.41 

20.70 


7 '>.3000 

2 


22.21 


74.6000 

4 

20.49 

22*33 

16.30 

77.0000 

4 

12.61 

14.21 


77.2000 

0 

III. 6) 

20.70 


76.4000 

2 

20.3^ 

22.21 


76.2000 

4 

20.13 

7?.33 

17.92 

76.0000 

6 

16. 3r 

14.21 


74.0000 

0 

21.46 

20.70 


74.4000 

2 

21.02 

22.21 


74.6000 

4 

?<..3I 

22.33 

21.11 

71.9000 

4 

14.07 

10.47 


106.3000 AT 

4C 

17.00 

16.03 


106.3C00 

6 

17.64 

22.34 


104.4000 

16 

20.93 

20.67 

17.44 

107.5000 

32 

l».03 

10.47 


106.4000 

4 

16.30 

14.03 


1 U6. inno 

4 

1 7.47 

22.34 


103.9000 

16 

10. 00 

20.67 

13.17 

107.3000 

3? 

7.04 

10.47 


106. 7000 

4 

17. 74 

14.03 


106.7000 

4 

IH. 3P 

22.34 


103, 7000 

16 

14. HI 

20.67 

13.63 

102.2000 

32 

4.20 

10.47 


106.6000 

4 

14. n 

14.03 


106.3000 

4 

20.43 

22.34 


103.6000 

16 

20.70 

20.67 

16.91 

102.2000 

32 

11.26 

10.47 


106,6000 

4 

lo.ni 

14.03 


106.3000 

4 

40,77 

22.34 


103.3000 

16 

21.44 

20.67 

23.90 

102.2000 

32 

11.23 

10.47 


106,6000 

4 

16.07 

14.03 


106.3000 

4 

1 0.H9 

12.36 


tO‘».4«IJf> 

16 

21.11 

20.67 

17.07 

102.2090 

32 

10.44 

10.47 


106.6000 

4 

17.77 

IP. 03 


106.5000 

4 

10.00 

22.14 


101.7000 

16 

14.76 

20.67 

16.66 

102.1000 

32 

4.70 

10.47 


106.2000 

4 

12.37 

14.03 


106.0000 

4 

IH.04 

22.34 


103.^000 

16 

10.74 

20.67 

16.43 

IO2.000O 

32 

12.77 

10.47 


106.3000 

4 

17.^2 

14.03 


106.1000 

4 

14.01 

22.34 


i03.7>000 

16 

20. 2S 

20.67 

17.29 

102.3000 

32 

11.46 

10.47 


106.2000 

4 

22.04 

14.03 


103.9000 

4 

22.60 

22*14 


103.3000 

16 

23.70 

20.67 

19.94 

101.9000 

32 




i 


j 


1 



Percent soil moisture 


•H CTcd 
4^ MPQ 


P W O 


H P,t0 
O 0) 4-» 


•H 


O, 

O 

6 

0 • 

CO 1 

rH 


• 

*t3 T-l 

N N 

»H 

a o 

XX 

1 

Cd (0 

a a 

< 

fC ^ 

VO M 

0) 

p d 

• ^ 


diO> 

o * 

d 

0) iH 

fH ri 

oo 



•H 

> 
d *H 
•H 3 •• 
M CT4J 
CO o d 




\0 00 


(uiD) XTOS mdaa 











K> 




t^ 



QO 

Ch 



G 

fH 



•rt • 

•k 

to 


'0 0)4) 

o 



C U 

to 



O 3 ctt 

• 

r-4 


M-t 

4-» 

•k 

o% 

tn «A tu 

u 

cn 

iH 

0)*H 3 

o 

• 

•k 

U OW 


> 

CM 

- 



U rH 
•H O 
O O O 

-cw e 

4J CO 

"X3 Cna 
c <i> o 

Ctl iH 4-> 

cd cd 

U> > 4^ 


<D 


20 C 



0> 



*H G 

+J 


•H *H G 

t/) 


o 

•H 

o • 

CO CO u 

O 

6 



1 f 

• 

fH 


CM 

Td »H 

N ta 

1 

c o 

K X 

< 

cd if) 

o o 

o 

xi 4-> 

VD CM 

u 

+j G 

• ^ 

G 

a, o 

o . 


Q fH 

rH rH 

•H 

G 
> 
C*H 
*H G .. 




M CT4-» 

c/:) 0 ) cd 


VO 00 


TTO;; ojUT qidaa 


i 


1 


Percent soil moisture 



Skin Depths and ''Equivalent Soil Moisture 
Contents" of the Bare Medium Rough Surface. 





Vegetated Medium Rough Surface. 










Figure A- 5. Soil Moisture Profiles and the Correspond 
Skin Depths and "Equivalent Soil Moisture 
Contents" of the Bare Rough Surface. 





loisture Profiles and the Corresponding 
lepths and ’’Equivalent Soil Moisture 
ts” of the Vegetated Rough Surface. 
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Table A-2. A Listing of the soil Moisture Data 
Within the Antenna Footprints at 
Various Observation Angles. 


SMOOTH SURFACE 


DATE 

OeSERVAlNO 

O'lS CM 

0-2 CM 


ANCLE 

AVERAGE 

AVERAGE 


7/2A/73 

0 

I2e0 

7.1 


10 

12.1 

7.0 


20 

12.0 

7.0 


30 

il.T 

6.7 


40 

11.3 

6.6 


50 

ii.a 

6.2 


55 

11.9 

9.9 


0 

20.2 

29.3 


10 

26.0 

29.0 


20 

27.8 

28.7 


30 

27.9 

28*2 


40 

27.2 

28.3 


50 

27.0 

28.6 


55 

27.3 

28.8 

7/30/73 

0 

18.0 

6.5 


10 

18.2 

6.8 


20 

18.3 

7.1 


30 

18.3 

7.5 


40 

18.0 

7.9 


50 

18.1 

7.5 


55 

ie.6 , 

7.2 

9/25/73 

0 

16.5 

14.0 


10 

18.7 

14.8 


20 

19.0 

15.1 


30 

19.2 

15.0 


40 

20.0 

16.0 


50 

19.5 

16.3 


55 

18.0 

15.0 

10/30/73 

0 

27.1 

31.2 


10 

27.1 

31.2 


20 

27.2 

31.3 


30 

27.0 

31.0 


40 

25.5 

30.0 


50 

24.8 

29.3 


55 

25.2 

30.0 

11/09/73 

0 

22.0 

22.0 


10 

21.7 

20.6 


20 

21.4 

19.8 


30 

20.8 

18.8 


40 

20.5 

18.2 


50 

21.5 

20.5 


55 

22.0 

21.7 


0 


11.4 


10 


12.1 


20 


13.7 


30 


15.2 


40 


13*9 


50 


11.9 


55 


12.7 



i 


1 







Continuation of Table A- 2. 

A Listing of the Soil Moisture Data Within the 
Antenna Footprints at Various Observation Angles. 


MEOIUN ROUGH SURFACE 


7/24/73 


7/26/73 


7/30/73 


9/25/73 


10/30/73 


11/09/73 


2/13/74 


iEftVAlNG 

0-16 CH 

0-2 CM 


AVEt^AGE 

AVERAGE 

0 

8e5 

2*3 

10 

6.4 

2*3 

20 

8,3 

2*3 

30 

8.1 

2*3 

40 

8el 

2*3 

50 

8.5 

2*3 

55 

8* 7 

2.3 

0 

25*0 

24.0 

10 

25*2 

24.9 

20 

25.5 

25*2 

30 

25*5 

25*6 

40 

26.3 

27*0 

50 

25.5 

26*0 

55 

24*5 

22.0 

0 

18.2 

7.0 

10 

18.0 

7.2 

20 

17.5 

7.6 

30 

16*9 

7.0 

40 

16.5 

5*5 

50 

16.8 

4.9 

55 

17.2 

5.0 

0 

19.4 

15.2 

10 

20.0 

15*1 

20 

20.5 

15.0 

30 

20.8 

14*8 

40 

20.5 

14.4 

50 

18*5 

12.6 

55 

16.0 

11.5 

0 

29.0 

32.0 

10 

29.2 

32.2 

20 

29.0 

32.5 

30 

28.5 

32.7 

40 

27.5 

32.4 

50 

25.9 

31.5 

55 

26*2 

31.0 

0 

24.0 

23.5 

10 

24*2 

23*t; 

20 

24*2 

23*4 

30 

23*5 

23.0 

40 

22*1 

21.8 

50 

21*0 

20.2 

55 

21*1 

20*8 

0 


12*0 

10 


12.3 

20 


12*7 

30 


13.0 

40 


11*9 

50 


10*1 

55 


9.7 
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Continuation of Table A- 2. 

A Listing of the Soil Moisture Data Within the 
Antenna Footprints at Various Observation Angles. 


\ ’ 

) 


I 


aOUOH SUHPACC 


OATC 

OftSERVAtNG 

0-lS CH 

0*2 CN 


ANGLE 

average 

AVERAGE 

imm 

0 

lOeT 

6.5 


10 

lOeS 

6.6 


20 

IleO 

9.0 


30 

ll.O 

9.4 


40 

10e9 

9.4 


50 

IC.S 

9.4 

T/24/T1 

55 

10.7 

9.4 

0 

22e9 

15.0 


10 

2U9 

14.0 


20 

20.0 

13.0 


30 

19.5 

12.6 


40 

20.0 

14.0 


50 

21.5 

16.0 . 

T/30/TS 

55 

22.0 

17.0 

0 

16.3 

9.1 


10 

16.0 

9.0 


20 

17.5 

6.9 


30 

14.7 

6.7 


40 

16.2 

6.5 


50 

16.6 

6.9 


55 

17.5 

9.3 

9/2 5/ T3 

0 

16.5 

12.0 


10 

16.0 

12.5 


20 

17.2 

13.0 


30 

16.8 

13.1 


40 

16.4 

13.5 


50 

16.3 

13.6 


55 

16.3 

13.6 

xanam 

0 

27.6 

24.6 


10 

27.5 

25.9 


20 

27.2 

26.0 


30 

26.3 

26.2 


40 

25.0 

26.3 


50 

22.6 

25.2 

i 1/09/73 

55 

22.0 

24.0 

0 

22.0 

25.0 


10 

20.0 

23.0 


20 

19.0 

21.0 


30 

16.2 

20.0 


40 

17.6 

21.0 


50 

16.0 

19.0 

?/l3/T9 

55 

19.0 

16.0 

0 


13.1 


10 


12.3 


20 


10.6 


30 


9.3 


40 


6.6 


50 


6.2 


55 


9.1 

T 


I 
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Table A-3. A Listing of the Entire Radiometric 
Temperature Data. 


SMOOTH SURFACE 


DATE 

OBSFRVATICN 

1.4153GH2 

1.4153GH2 

10.6GH2 

10.6GHZ 


ANGIE# (*l 

HORI ZONTAl 

vrRTICAL 

HORIZONTAL 

VFRT ICAL 

liZMn 

0 

272.6 

271.6 

279.0 

274.2 


10 

270.9 

274.6 

280.5 

279.7 


20 

267.6 

277.7 

270.8 

280.2 


30 

261.4 

2H4.5 

273.1 

279.0 


40 


285.9 

266.0 

279.6 


50 

241.7 

293.1 

263.7 

279.9 


55 

223.6 

296.9 

251.5 

280.8 

IflhflZ 

0 


198.2 


237.6 


20 

188*5 

210.1 

236.0 

240.9 


30 

186.5 

221.2 

226.2 

251.6 


40 

178.4 

229.4 

230.8 

249.9 


50 

161.5 

248.9 

211.2 

242.9 

in 0/73 

0 

276.2 


276.3 



20 

266.9 

278.1 

262.8 

273.0 


30 

261.4 

280.6 

259.2 

274.0 


40 

251.3 

286.3 

254.4 

276.8 


50 

240.7 

291.8 

246.4 

281 .9 

9/23/13 

0 

253.B 

249.2 

266.3 

266.4 


20 

. 245.0 

246.4 

263.7 

264.5 


30 

241.0 

253.8 

259.4 

263.8 


40 

235.3 

259.6 

257.0 

264.4 


50 

224.1 

265.8 

250.3 

261.8 


180 

12.4 


17.8 


10/30/73 

0 


211.0 


260.1 


20 

204.9 

205.7 

266.9 

259.9 


30 

191.4 

215.5 

268.3 

259.6 


40 

186.3 

226.0 

265.7 

257.2 


50 

188.0 

244. 7 

263.0 

253.2 

11/09/73 

0 

226.4 

226.1 

258.0 

258.9 


20 

215.1 

222.9 

253.8 

253.7 


30 

205.7 

230.9 

251.4 

254.6 


40 

1913.1 

241.0 

248.6 

255.3 


50 

192.1 

250.0 

249.8 

256.4 


180 


11.1 


18.1 

2/12/74 

0 

231.0 

231.0 

252.0 

253.0 


20 

240.0 

243.0 

251.0 

259.0 


30 

216.0 

250.0 

245.0 

259.0 


40 

207.0 

258.0 

240.0 

258.0 


50 

209.0 

265.0 

238.0 

259.0 
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Continuation of Table A-3. 

A Listing of the Entire Radiometric Temperature Data. 


HE01UH ROUGH SURr£C£ 


date observation 
ANGLE f f 


7/2A/T3 0 

10 
20 
30 
AO 
50 
160 

7/26/73 0 

20 
30 
40 
50 
180 

7/30/74 0 

20 
30 
40 
50 
IBO 

9/25/73 0 

20 
30 
40 
50 
180 

10/30/73 0 

20 
30 
40 
50 

11/08/73 0 

20 
30 
40 
50 

2/13/74 0 

20 
30 
40 
50 


U4153GH2 

1.4153GHZ 

HORIZONTAL 

VERTICAL 


297.8 

296*8 

296.9 

295.5 

299.6 

294.4 

300.5 

290.1 

299.6 

279.0 

300.3 


8.5 


251.4 

249*5 

251.2 

245.6 

260.3 

240.8 

264.4 

221.4 

273.0 


7.4 


270.0 

2T9.1 

282.5 

276.9 

268.5 

271.2 

290.2 

262.0 

293.0 

8.6 


249*7 

239.2 

239.4 

239.9 

233.9 

243*6 

221.3 

248.4 

210.1 

258.6 


12.3 

200.0 

197.6 

200.8 

208 .0 

196.7 

213.9 

169.0 

227.4 

187.6 

239.6 

228.5 

225.5 

219.7 

233.0 

210.8 

239.9 

204.0 

249.8 

194.6 

258.4 

237.0 

236.0 

232.0 

240.0 

229.0 

247.0 

212.0 

258.0 

207.0 

267.0 


10.6GH2 

10.6GH2 

HORIZONTAL 

VERTICAL 


288.7 

282.3 


281.4 

290.2 

281.6 

285.0 

278.1 

285.5 

275.1 

281.8 


3.4 


258.8 


254.0 

251.8 

254.7 

248.9 

256.7 

240.3 

255.8 


10.5 


273.7 

273.2 

, 275.0 

273.4 

277.8 

265.3 

279.4 

266.0 

273.6 

13.2 


263.8 

260.2 

260.1 

257.8 

255.3 

251.9 

248.5 

250.7 

245.6 

252.0 


10*3 

263.7 

264.3 

265.5 

261.9 

270.5 

264.8 

267.5 

263.4 

265.4 

262.0 

256.3 

263.9 

265.9 

267.2 

258.8 

259.4 

255.4 

262.0 

255.8 

260.6 

257.0 

255.0 

250*0 

258.0 

249.0 

261.0 

244.0 

264*0 

245.0 

262*0 


t 



I 
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Continuation of Table A-3. 

A Listing of the Entire Radiometric Temperature Data. 


DATE OBSERVATION 
ANGLEf (^1 


7 / 23/73 0 

lUA 
22.6 
33.4 
43.8 
53 •? 

1 80 

7/26/73 0 

20 
30 
40 
50 

7/30/73 0 

20 
30 
40 
50 

9/25/73 0 

20 
30 
40 
50 

10/30/73 0 

20 
30 
40 
50 
180 

11/08/73 0 

20 
30 
40 
50 
180 

2/13/74 0 

20 
30 
40 
50 


ROUGH SURFACE 


1.4153GH2 

1.4153GHZ 

horizontal 

VERTICAL 

281.6 

276.9 

280.6 

276.8 

279.2 

281.1 

274,3 

281.0 

270.8 

281.1 

260.8 

280.4 

4.9 

267.6 

274.7 

274.9 

269.3 

278.4 

267.3 

278.9 

254.3 

278.0 

273.6 

276.3 

274.9 

274.1 

276.2 

272.9 

279.8 

261 .3 

280.9 

251.2 

243.6 

243.2 

243.9 

237.2 

244.9 

233.2 

250.7 

226.7 

257.6 

216.7 

22C^6 

224.3 

221.1 

217.4 

226.0 

213.0 

233.1 

209.5 

244.1 

11.1 

247.8 

240.0 

238.7 

241.0 

231.6 

243.5 

227 7 

255.5 

228.1 

267.2 

10.5 


251.0 

248.0 

243.0 

248.0 

236.0 

250.0 

228.0 

251.0 

227.0 

258.0 


10.6GHZ 

10.6GHZ 

HOR 1 ZONTAl 
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APPENDIX B 

A TECHNIQUE TO H^U^DLE CLAY 
POR DIELECTRIC CONSTANT MEASUREMENTS 


The soil for this study was clay. Clay is a very 
cohesive substance, especially whet* :t, is wet. Wet clay 
is quite unmanageable for a task I’., placing a definite 
amount into a waveguide for the dioi.ec trie constant 
measurements. After some studies of the problem, a 
technique was found to handle wet clay very satisfactorily. 

This technique has three major features. First, it en- 
ables the operator to easily handle and place wet clay 
into the waveguide without contaminating the waveguide 
walls with clay. Secondly, it provides two flat smooth 
soil boundary surfaces to reduce the possible effect of 
reflection. Thirdly, it provides an easy and accurate 
determination of the soil sample length. A picture of 
the tools used for this technique is shown in Figure B-1. 

Five aluminum plates with a space cut in the middle were 

used. The five aluminum plates were of different thick- - 

nesses and were marked as shown. Using various thick- 

S 

ness metal plates would be apparent in the following dis- f 

cuss ion. 

There are basically four steps for this technique; 
they are shown in Figures B2a, R2b, B3a, and B3b. The 
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Figure B-3a, Stop 









first step is to place the aluminum plate on a piece of 
paper. The second step as shown is to fill the space in 
the aluminum plate with clay. The third step is to com- 
press the clay to the degree that resembles natural wet 

clay, and then the extra clay is leveled off with a 
♦ 

spatula. The surface is then smoothened as shown. Then 
the waveguide is inserted into the clay column vertically. 
The fourth step, is to peal the paper away; the open 
surface is then further smoothened with the spatula. At 
the end of step four, a chunk of clay of known depth (in 
this case as illustrated, the clay sample would be 0.6 cm 
long) with two flat smooth surfaces would be placed inside 
the waveguide. The soil sample is then ready for dielectric 
constant measurements. 
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APPENDIX C 

SKIN DEPTH AND THE "EQUIVALENT 
SOIL MOISTURE CONTENT" 

In remote detection o£ soil moisture by passive 
microviave sensors, a knowledge of the soil skin deplh and 
the "equivalent soil moisture content" corresponding to 
that skin depth is of assistance in data analysis. The 
skin depth provides an indication of the depth of radiation 
that contributes significantly to the apparent temperature 
measured by the sensor. The "equivalent soil moisture 
content" is defined as that soil moisture content that 
would, if constant with soil depth, produce the same 
skin depth as the actual soil moisture profile of the soil. 

In a medium which has conductivity, the wave is 

« /V ^7 

attenuated by a factor e as it progresses: 

£(p = ^ (A-l) 

where a = attenuation constant. 

The skin depth, or depth of penetration, of a medium is 
defined as the distance at which the electric field is 
attenuated by a factor of 1/e. It is apparent from 
equation (A-l) that skin depth is that distance which 
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makes az equal to one. In terms of the electrical 
properties of the medium, the skin depth is 



where o) * radian frequency 

]i = magnetic permeability 
e = permittivity 
a = conductivity 

From (A- 2), it can be seen that the skin depth of soil 
is a function of frequency and the soil’s permittivity. 

The permittivity of the soil is a function of soil 
moisture content (Figure IV-li). From (Figure IV-11), 
it should be noted that a direct calculation of skin 
depth using equation (A- 2) is valid only if the soil 
has constant moisture content and essentially constant 
electrical properties. In reality, soil moisture 
usually varies as a function of depth into the soil. To 
obtain the skin depth for such an electrically inhomogene- 
ous medium, special considerations and procedures are 
required. This is the problem examined for this study. 

In dealing with the situation that the soil 
moisture varies as a function of depth into the soil, one 
is faced with the problem of continual variation of 
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electrical properties of soil as a function of penetration 
into the soil. Recall from (A-1) that skin depth is 
that distance which makes the product az equal to one, 
therefore, the task of finding the skin depth of soil 
with any soil moisture profile is that of carrying out 
the following integration 





(A-3) 


A good approximation to the above integral is 

K 

for very small increments of z, Az’s, up to that point 
where the summation of the product is to 

equal to one. 

To facilitate the evaluation of (A-4) to obtain the 
skin depth, a computer program which employs the sub- 
routine "Polynomial Regression" (PLRG) was written [SO]. 
This computer program calculates the skin depth and the 
"equivalent soil moisture content" as a function of soil 
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moisture profile of any soil for which the relationship 
between permittivity and soil moisture is known. 

In this program, there are basically four steps in 
obtaining a value of skin depth. The first step is to 
obtain a fixed relationship between soil moisture and the 
corresponding attenuation for the soil type of interest. 

It is known that attenuation is related to soil 
moisture through the permittivity by equation [35]; 

= / )~^ (A-5) 

I 

where e = real part of dielectric constant 

^ (permittivity) 

= imaginary part of dielectric constant 

e" = e” X e^= e” x 8.854 x 10 

n = permeability (normally equal to the 
permeability of free space) 

A polynomial expression describing the relationship 
between attenuation and soil moisture is generated by 
means of the PLRG subroutine, this equation will be 
referenced as equation 1. With the functional relationship 
between attenuation and soil moisture known for a parti- 
cular soil type, the skin depth for any soil moisture 
profile can be obtained with three additional steps. 

The second step is to obtain an equation for 
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attenuation as a function of depth into the soil. This 
equation is obtained by first using equation 1 to calculate 
attenuation as a function of depth for the particular 
soil moisture profile of concern. Knowing these values, 
the PLRG program can be used to fit a polynomial equation 
to these points providing a functional relationship 
attenuation and depth for that particular soil moisture 
profile. This equation will be referred to as equation 2. 

In the third step, equation 2 is then used to 
generate a table of attenuation versus depths for an 
arbitrarily small increment of depth. 

The final and fourth step is to search the table 
of attenuation versus incremental depths for the value 
of depth that makes the summation of the product aj^(2)AZj^ 
equal to one. This depth is the skin depth of the soil 
for the particular soil moisture profile given. 


Equivalent Soil Moisture 


The procedures to determine the "equivalent soil 
moisture" are as follows. First, the depth which corres- 
ponds to the point where the summation of the product 
a(z)Azj^ is exactly one was determined. This skin depth 
is then inverted to obtain the corresponding attenuation 
(attenuation = 1/skin depth) . This attenuation is compared 
to a table of attenuation versus soil moisture obtained 
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using equation 1. When an attenuation is found that is 
equal to the inverse of the skin depth, then the 
"equivalent soil moisture content" has been found. 

Skin depth and "equivalent soil moisture content" 
were calculated at both L-and X-band for all the soil 
moisture profiles of this experiment. The results are 
indicated on Figures A-1 through A-6. 


